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Summary  
In recent years, dietary fibre from wholegrain is gaining plenty of interest due to its 
attractive health promoting features, including reduction in the risk of heart disease and 
cholesterol level. Oat grain, being one of the major cereals in Australia, contains various 
macromolecules and microconstituents including protein, lipid, dietary fibre and 
phytochemicals that are advantageous to human health. Despite its advantageous attributes, 
inclusion of sufficient amount of finely milled oat powder in commercial food formulations is 
still very limited due to undesirable organoleptic properties that might develop during storage 
prior to consumption. Therefore, the objective of this PhD study is to probe the influence of 
oat in model liquid and solid systems through an armoury of analytical and physicochemical 
techniques, i.e. chromatography, spectroscopy, rheology, differential scanning calorimetry, 
electron microscopy and sensory evaluation.  
The first experimental chapter of this work deals with the development of various 
analytical protocols to probe the microconstituents in model liquid oat systems during UHT 
processing and storage. UHT was the preferred avenue to process these preparations since it 
can minimise undesirable changes in nutritional and sensory profiles. Compounds of interest 
included phenolic acids (ferulic and para-coumaric acids), avenanthramides, free fatty acids 
and volatile lipid oxidation products. Sample preparation involved a UHT treatment at 145 
°C for 5 s followed by a twelve-week storage at 22 and 30 °C. Soluble and insoluble dietary 
fibre fractions (SDF and IDF, respectively) were extracted from defatted oat samples through 
sequential enzymatic digestion. In order to extract ester bound phenolic acids, alkaline 
hydrolysis and liquid–liquid partitioning steps were applied to SDF and IDF. Moderate 
enzymatic digestion temperature (50 °C) and saponification (2M NaOH for 6 hr) were found 
to produce the best separation of phenolic compounds analysed by high performance liquid 
chromatography (HPLC).  
Chromatograms showed prominent ferulic and para-coumaric acids in both fractions, 
which were located mainly in IDF, and that was confirmed by the total phenolic content 
results obtained from Folin-Ciocalteau assay. Alkaline based extraction with methanol and an 
HPLC method were developed to analyse the avenanthramide content in oat samples. Results 
demonstrated that the protocols were able to detect the primary avenanthramides, i.e. A, B 
and C. In addition to phenolic compounds, the work examined oat lipids and their oxidation 
products which are the main culprit of rancid flavour in liquid oat systems. Free fatty acid 
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determination involved fatty acid methyl ester (FAME) analysis coupled with a 
comprehensive gas chromatography (GC×GC) technique. Chromatograms recorded three 
main fatty acids, i.e. palmitic, linoleic and oleic acids, which accounted for nearly 98% of the 
total free fatty acids. In the case of secondary lipid oxidation compounds, head space solid 
phase micro-extraction (SPME) coupled with gas chromatography-mass spectroscopy (GC-
MS) analysis was developed to detect the presence of volatiles, which are predominantly 
hexanal and 2-pentyl furan. 
Once the required analytical protocols were established, the focus in this work turned to 
the evolution of the aforementioned microconstituents during extended storage at 22 and 30 
°C. It was observed that ferulic acid decreases over time at both temperatures while para-
coumaric acid remains more or less stable but at a much lower content. Reduction in ferulic 
acid suggested conversion into another compound called paravinyl guaiacol (PVG), and this 
is known as thermal decarboxylation. The content of avenanthramides also remained 
unchanged over time at both experimental temperatures. In the case of free fatty acids, 
unsaturated moieties (oleic and linoleic acids) decreased with temperature indicating the 
occurrence of lipid oxidation. This process was confirmed by an increase in the levels of 
volatiles (hexanal and 2-pentyl furan) during storage, with the oxidation process being 
enhanced with increasing storage temperature.  
The second experimental chapter of this PhD study looked at off flavour-producing 
compounds, in particular PVG and hexanal, in relation to the sensory quality of model UHT 
liquid systems enriched with wholegrain oat during storage. In doing so, finely milled oat 
powder was mixed with skim milk powder and sucrose followed by UHT treatment and 
storage at ambient temperature. It was found that trained panellists were capable of 
differentiating the odours generated by the two compounds and identifying their intensity in 
the UHT samples as a function of storage time. Furthermore, a 9-point hedonic test was 
conducted with semi-trained panellists to assess the acceptability levels of both odours in the 
UHT samples. Results suggest that hexanal is the main contributor to off-flavour 
development in oat based liquid systems, hence arguing for the importance of avoiding lipid 
oxidation in these materials. 
Following the study on model UHT liquid systems, the third experimental chapter of 
this work focuses on UHT beverage formulations that closely resemble commercial oat 
products. Results unveil the importance of the particle size distribution of oat fibre on the 
overall acceptability of liquid foods, as well as on their consistency. Increasing the particle 
size distribution and concentration of these particles yields higher steady shear viscosity. 
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Furthermore, prolonged storage at 22 °C enhanced the beverages‘ viscosity, whereas storage 
at 30 °C produces the opposite trend. The former event is attributed to the swelling of fibre 
particles, whereas the latter is due to the hydration of starch molecules, which dissolve into 
the beverage matrix (particle erosion beyond swelling), hence being unable to suspend in 
solution the insoluble parts of the oat particle. 
Given the above effect of oat-particle addition on the consistency of beverages as a 
major ingredient in formulations, the PhD study was expanded into a model solid system 
containing gelatin as the supporting matrix. Protein concentration was fixed at 2% (w/w), 
with the level of oat particles varying from 0 to 4% (w/w). Findings demonstrate phase 
separated systems, with gelatin and oat particles serving as the continuous and dispersed 
phases, respectively. Incorporation of oat particles weakened the mechanical strength of the 
protein gels, which is a new finding in the field. Besides concentration, the work explores the 
effect of different size distribution of oat particles on the composite gels and argues that 
smaller particles are able to disrupt swiftly the protein network compared to the larger 
counterparts.  
Outcomes from this PhD thesis provide valuable knowledge in understanding the 
causes of undesirable sensory and textural profiles that might be experienced in oat based 
food systems. Hence, the research can be used as a basis to develop palatable processed 
foods, over a prolonged storage period, which are enriched with high levels of wholegrain 
powders. 
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Background and Literature review 
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        This chapter reviewed the main keywords of this Thesis, i.e. dietary fibre, oat fibre, 
gelatin and ultra high temperature (UHT). The chapter covers the various types of soluble and 
insoluble dietary fibre, constituents in oat fibre as well as interactions in mixtures of 
biopolymers. The chapter also covers principles behind the UHT technique as well as its 
significance. Further, various food hydrocolloids employed in the development of 
biopolymers mixtures are briefly reviewed. 
1.1 Food Hydrocolloids 
In the literature of food, hydrocolloids as a term have been utilised in referring to 
biological and/or plant origin biopolymer, for example, polysaccharides as well as proteins. 
The key characteristics of hydrocolloids are large repetitive molecules composition such as 
glucose units present in starch and/or amino acids present in proteins. Hydrocolloids have 
been widely applied in numerous systems of food as texture modifiers, emulsifiers, stabilizers 
and thickeners as well as gelling agents (Klein & Möller, 2010; Johnson, 2010). In addition to 
the vast functional properties of food hydrocolloids, their chemical fingerprints as well as 
conformational characteristics will be discussed below.  
1.1.1 Dietary fibre (DF) 
Traditionally, scholars have described the dietary fibre (DF) as the plant foods‘ portion 
which resists digestion by digestive enzyme of humans; this includes polysaccharides as well 
as lignin. Over time the perspective has been expanded as well as explained to include also 
substances like resistant starch as well as other polysaccharides which are non-starch into its 
definition (Rosa, Alvarez-Parrilla & González-Aguilar, 2010). Recently, dietary fibre is 
viewed as a complex plant polymer in the form of polysaccharides as well as 
oligosaccharides. Other plant polymers include hemicellulose, cellulose, starch that is 
resistant to digestion, inulin as well as pectin. It is known that they are poorly digestible in 
small intestines of human beings. However, they possibly undergo partial and/or complete 
fermentation in the large intestine (Milner &Romagnolo, 2010; Tang, 2010; Holzmeister & 
Holzmeister, 2010). There are numerous dietary fibre sources, for examples, whole grains and 
cereals, fruits as well as vegetables. They are utilised widely in food in the form of stabilisers, 
thickeners, gelling agents, crystallization inhibitors and encapsulating agents. A group of 
dietary fibres which are soluble in water is known as a soluble dietary fibre (SDF). Besides 
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SDF, there is insoluble dietary fibre (IDF) that corresponds to a group of dietary fibres which 
are not soluble in water. 
1.1.1.1 Soluble dietary fibre (SDF) 
Soluble dietary fibre chiefly contains polysaccharides that are not starches, such as 
pectin, alginate, carrageenan, agarose, xanthan gum, deacylated gellan, guar gum and β-
glucan (Caballero, 2009; Breitman, 2009). Sources of this type of dietary fibre include fruits, 
vegetables, legumes, oil seeds, seaweeds and cereals. The polymers have a tendency of 
breaking down when passing through digestive system and in the process they form gel. 
Furthermore, soluble dietary fibres can also slow gastric emptying down by increasing gastric 
contents‘ viscosity. Particularly significant examples of the functionality of soluble dietary 
fibre include the capacity of altering fluids‘ flow characteristics and interacting in hydrated 
state with several other molecular species which have been dispersed and/or dissolved. The 
soluble dietary fibres may bind such molecular species, chelate and make with them 
complexes, emulsify them, flocculate, stabilise or suspend them (Kasapis, Norton &Ubbink, 
2009; Rosa, Alvarez-Parrilla & González-Aguilar, 2009).  
1.1.1.1.1 Pectin 
Pectin is a structurally complex soluble polymer that has considerable heterogeneity of 
chemical structure as well as molecular weight (Laaman, 2011; Mathur, 2011; Diaz, Anthon 
& Barrett, 2009). The polymer is utilised in a number of foods as gelling agent, thickener, 
texturiser, emulsifier and stabilizer (Endress et al., 2009; Nussinovitch, 2009). The properties 
of pectin, such as viscosity, solubility and gelation, rely on its structure, esterification degree, 
molecular weight, pH as well as other metallic-ions‘ presence (Ivanoff, 2012). The structure 
of pectin is showed in Figure 1.1 where the polymer possesses a linear chain α-(1-4)-D-
galacturonic acid groups, which can occur as carboxyl, ester or amide. 
Low methoxyl (LM) and high methoxyl (HM) pectins are distinct classes of pectins in 
relation to their degree of esterification (DE) (Whitney, Cameron-Smith, Walsh, Crowe & 
Rolfes, 2012; Anthon, Diaz & Barrett, 2008). The former has a DE value less than 50, 
whereas the latter has DE value equal to 50 or above. The DE has an important effect in the 
behaviour of the polymers. LM pectin requires divalent cations (e.g. Ca
2+
) to form a gel, 
whereas HM pectin needs an acidic condition (pH <3.5) and a high concentration of soluble 
solids, i.e. sugars (>55%, w/w) (Rolin, 1993). HM pectins can be categorised into slow-, 
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medium-, and rapid-set types based on the DE value, with a higher DE value corresponding 
to a higher setting rate. 
The most significant pectin application in food industry is as gelling agent in jellies and 
jams which typically employ HM pectins. Rapid-set HM pectin is used in jams that are 
prepared through traditional cooking method in open environment, whereas those 
manufactured at a lower temperature and in vacuum condition employ slow-set HM pectin to 
prevent pre-setting. In the case of low sugar jams and jellies (with soluble solids <55%), LM 
pectins are the pectin of choice. Other functionalities of pectin include protein stabiliser in 
acidified drinks and viscofier or texturiser in set or stirred yoghurts (Endreß & Christensen, 
2009). 
 
 
Figure 1.1 (a) Illustration of pectin structure with distinct functional groups in its chain: (b) 
carboxyl; (c) ester; (d) amide (Sriamornsak, 2003). 
 1.1.1.1.2 Alginates 
Alginates are obtained from the cell-wall of brown seaweed across the globe. They can 
also be manufactured through certain bacterias, i.e. Azobacter vinelandii and Pseudomonas 
aeruginosa (Vetvicka &Vetvickova, 2009). The polymer is made of α-L-guluronic acid and 
β-D-mannuronic acid, which are commonly referred as G and M respectively. These two 
residues are connected by 1→4 linkages (Figure 1.2). The polymers contain homopolymeric 
segments of M-blocks and G-blocks, where MG-blocks can integrate along the alginate 
chain. The proportion of the two residues (M:G) is typically 2:1 but can vary depending on 
the algal species. Alginates with greater proportion of G blocks form brittle gels. Although 
such gels are strong, their freeze-thaw stability is usually poor. On the other hand, the high M 
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counterparts make elastic gels which are weaker than the high G gels. These high M gels also 
have better freeze-thaw stability than the high G counterpart (Izydorczyk, Cui & Wang, 
2005). 
The polymers have specific ion-binding properties that serve as a basis for their gelling 
characteristics. Poly-guluronate segments possess selective binding affinity to multivalent 
cations but no selectivity is observed in poly-mannuronate or alternating counterparts 
(Draget, Smidrod & Braek, 2005). The binding affinity of ions follows the order of Mg
2+
 
<Ca
2+
 < Sr
2+
 < Ba
2+
 (Loosli, Le & Stoll, 2015). Cross-linking of the ions with alginates can 
be induced through a diffusion method. Such method involves the movement of the ions (e.g., 
Ca
2+
) from an external reservoir into the polymer system. Besides diffusion, there is also 
another method to produce cross-linking, i.e. internal setting. In this method, the pH of 
alginate preparation is altered in order to convert inert calcium into an active cation. 
(Izydorczyk, Cui & Wang, 2005; El et al., 2014; Purhagen, Sjöö &Eliasson, 2012). 
                 
                                                                                                                   
       a)                                                                      b)                          
        
 
Figure 1.2 Alginate structure of (a) mannuronic-acid and (b) guluronic acid (Draget, Smidrod 
& Braek, 2005). 
Alginates are used in a vast scale of industries, for instance, food, pharmaceuticals, and 
textile, because of their ability in retaining high amounts of water. Further, they are also 
effective emulsifiers and stabilisers for foams because of the hydrophobic groups (Ma et al., 
2015; Zhou et al., 2015). Mixtures of alginate and pectin can be applied in fruit fillings, jams 
and jellies to produce thermoreversible gels. Such systems are not dependant on sugar 
concentration, thus, have great potential for application of low calorie foods (Draget, 
Smidrod & Braek, 2005).  
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1.1.1.1.3 Carrageenan  
Carrageenans are linear-sulfated polysaccharides extracted from red seaweeds, i.e 
Rhodophyceae (Thrimawithana et al., 2011). The backbone of carrageenan composed of D 
series of β-galactose and 3,6-anhydro-α-galactose, which have (1→3) and (1→4) linkages, 
respectively. They are also highly sulphated (Figure 1.3). Three major carrageenan types that 
are frequently used in food products are kappa (κ), iota (ι), and lambda (λ) carrageenans. 
Lamda carrageenan has the most sulphate groups (i.e. three) for each disaccharide, whereas 
iota and kappa only have two and one sulphate groups, respectively (Rees, Steele & 
Williamson, 1969).  
Solutions of ι- and κ-carrageenans encounter disordered to ordered transition which is 
dependent on temperature. The ionic environment of the systems greatly affects the gelation 
temperature (Piculell, 1995; Rochas, 1982). In contrast, λ-carrageenan assumes a coil 
conformation rather than helical counterpart, thus, is a non-gelling carrageenan. Amongst all 
carrageenans, κ-carrageenan produces the strongest gels, but they are prone to syneresis. The 
polymer can form gel even at low concentrations, i.e. 0.5% in water and 0.1-0.2% in colloidal 
systems, e.g. milk. Combination of κ-carrageenan with cations, i.e. K+ and Ca2+, gives elastic 
and brittle gels, respectively. On the other hand, mixture of Ca
2+
 and ι–carrageenan creates 
soft and resilient gels. Such gels have good freeze-thaw stability, thixothropic properties, and 
are resistant to syneresis (Therkelsen, 1993).  
 
Figure 1.3 Structure of carageenan (Izydorczyk, Cui & Wang, 2005). 
The polysaccharides are primarily utilised for their thickening, gelling and suspending 
properties. κ-carrageenan is often employed as stabiliser to prevent creaming in various dairy 
systems, such as chocolate milk, yogurt, and ice cream (Yangilar, 2013; Hotchkiss, 2015). 
Further, such polymer can enhance water binding properties of meat products. Application of 
ι–carrageenan is commonly found in toothpaste. The non-gelling characteristics of λ-
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carrageenans make them a thickener of choice in food products, such as syrups, fruit drinks 
and salad dressings (Izydorczyk, Cui & Wang, 2005).  
1.1.1.1.4 β-glucan  
β-glucans are defined as polysaccharides which are unbranched and consist of β-D-
glucopyranose units with two linkages, i.e. (1→3) and (1→4), as seen in Figure 1.4. Aleurone 
layer and endosperms cell walls are the two primary locations of β-glucans. They are mainly 
present in the grains from cereal origin, for instance, barley, oat, wheat and rye. The 
concentration of the polymer in barley and oat has been revealed to be higher than other 
cereal grains, between 1.8-5.5% (dry weight basis, dwb) (Miner et al., 1993; Peterson, 2001). 
β-glucans are the main form of soluble fibres in oats and are widely recognised for their 
effectiveness in reducing cholesterol and blood glucose (Kagimura et al., 2015; Zhao, Wu, Li 
& Liu, 2015). Such efficacy can be ascribed to the viscous characteristics of the 
polysaccharide which are affected by features such as concentration and molecular mass.  
Solutions of β-glucan commonly display pseudoplastic pattern where a rise in shear rate 
causes a reduction in the systems‘ viscosity. However, at very low concentrations, i.e. below 
0.2%, they demonstrate Newtonian behaviour (Wood, 2010). The aqueous preparations of β-
glucan show a rise in the viscosity and pseudoplastic characteristics with rising molecular 
weight and/or polymer‘s concentration (Lazaridou et al., 2003, 2004; Irakli et al., 2004; 
Skendi et al., 2003).  
 
 
Figure 1.4 Structure of β-glucan with mixed-linkage (1→4) and (1→3) (Havrlentová et al, 
2011). 
β-glucans are generally incorporated in food products as health-promoting ingredients 
due to their physiological benefits, e.g. reducing serum cholesterol, enhancing satiety, and 
increasing stool bulk. Nonetheless, the materials can also alter the food‘s structures like other 
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soluble dietary fibres. In dairy systems containing low levels of fat, application of β-glucans 
in combination with other soluble dietary fibre can mimic the organoleptic properties of full-
fat products (Brennan et al., 2002). 
1.1.1.2 Insoluble dietary fibre (IDF) 
Insoluble dietary fibre (IDF) consists of plant cell wall components which are insoluble 
in cold/hot water.  Examples of such fibre include cellulose, some hemicelluloses and lignin. 
The materials precipitate in common aqueous systems and possess limited water-binding 
properties. Characteristic elements of this type of fibre are reduced transit time of food in the 
digestive system, increased faecal bulk, and softened stool. The polysaccharides are slowly 
fermentable in the colon, hence, they promote the growth of probiotics (Staffolo et al., 2012). 
Foods like vegetables and whole grain cereals are excellent sources of insoluble dietary fibre.  
1.1.1.2.1 Cellulose 
The polymer is the most ample polysaccharide and the primary structure in the cells 
walls of plants. Its chemical structure is comprised of glucose as the monomeric unit 
polymerised in β-1,4-glycosidic linked D-glucopyranose units (Klemm, Heublein, Fink & 
Bohn, 2005). The ribbon-like arrangement in cellulose structure is a consequence of the β-
(1→4) linkages (Figure 1.5). The polymer‘s tertiary structure is mainly stabilised by forces 
between cellulose molecules like hydrogen bonds, but, van der Waals forces, which is weaker 
than hydrogen bonds, also aids the structure stability. This high molecular weight polymer is 
extremely insoluble in water so only modified celluloses are utilised in foodstuffs. Cellulose 
can be sourced from green algae, fungi, vegetables, fruits and by-products like barley, corn 
stalks, oat straw, rye, and sugarcane (Izydorczyk, Cui & Wang, 2005). 
Microcrystalline cellulose, carboxymethylcellulose, methylcellulose and hydroxypropyl 
methylcellulose are examples of celluloses that are modified for application in food systems. 
Microcrystalline cellulose (MCC) is obtained from natural cellulose that is hydrolyzed with 
hydrochloric acid. Colloidal MCC aqueous dispersions behave like thixotropic fluids which 
are thermally stable. The polymer is commonly used to modify texture of foods by increasing 
the bulk of food and to replace fat in emulsion systems. Moreover, it enhances creaminess in 
products such as chocolate drink (BeMiller & Huber, 2008).  
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Production of carboxymethylcellulose (CMC) involves treating cellulose with alkali 
and chloroacetic acid. CMC solutions can display either shear-thinning or shear-thickening 
properties depending on the degree of polymerization (DP), pattern of substitution and degree 
of substitution (DS). Thixotropic behavior is apparent in solutions with low DS value or 
unevenly distributed substituents (Coffey et al., 2006). The cellulose derivative is known for 
its stabilizing properties as well as its ability in limiting ice crystal growth in frozen foods. It 
also finds applications in pharmaceutical industries as a coating agent for powders and tablets 
(Izydorczyk, Cui & Wang, 2005). 
 
 
     Figure 1.5 Cellulose structure (Schmid et al., 2015). 
Treatment of alkali cellulose with methyl chloride and propylene oxide produces 
methylcellulose (MC) and hydroxypropyl methylcellulose (HPMC), respectively. Both 
polysaccharides are recognised for their unique inverse temperature solubility and thermal 
gelation characteristics (Cash & Caputo, 2010). These cold water soluble polymers generally 
display pseudoplastic behavior in aqueous solutions. However, at low concentrations, 
Newtonian behavior is more prominent. MC is an excellent emulsifier since it possesses both 
hydrophilic and hydrophobic units. Further, MC is utilised to limit lipid retention in fried 
foods owing to its good film forming and thermal gelation properties. Both HPMC and MC 
find application as emulsifiers and stabilisers in salad dressings with little or no oil content 
(Coffey et al., 2006). 
 1.1.1.2.2 Hemicellulose 
Hemicelluloses are termed as group of heterogeneous polysaccharides that makes up 
the cells walls of plants. Although part of the name includes cellulose term, these materials 
are structurally different from celluloses. Hemicelluloses structures vary depending on the 
sources, but on the basis of their backbones they can be categorised into four major groups: 
 13 
 
D-galactans linked with β-D-galactose; D-mannans linked with β-D-mannose; D-xylans linked 
with β-D-xylose; and D-xyloglucans consisting D-xylopyranose residues joined to the 
cellulose chain (Menon et al., 2010). The last three groups have extended ribbon-like 
conformations due to the β-(1→4) linkages, which are similar to cellulose. By comparison, 
the first group has (1→3) linkages. 
Arabinoxylans have D-xylans backbone which contains 200 (1→4)-β-D-xylopyranoses 
units as shown in Figure 1.6. α-L-arabinofuranosyl residues are the main substituents and 
they are connected to the isolated Xylp units at position O-2 and/or O-3. Arabinoxylans are 
the principal component of polysaccharides (that are not starches) in grains from cereal 
origin. Sources include barley, oat, rye, wheat, sorghum, and flaxseed, with rye grain 
possessing the highest level of the polysaccharide. The bran area of rye grains contains 
around 14.9-39.5% of arabinoxylans (Verwimp, Courtin & Delcour, 2006).  
The polysaccharides can be sorted into two categories, i.e. soluble and insoluble 
fractions, based on the extraction procedures in water, with the latter constitutes the larger 
fraction (>75%). Arabinoxylans from cereal sources may possess phenolic acids, i.e. ferulic 
acids, which are connected via ester bonds to the O-5 of arabinose residues. The material is 
understood to possess good water-holding capacity, thus, can influence the rheolgy of dough 
during bread-making process as well as starch retrogradation. Other examples of application 
of arabinoxylans in food systems are as cryostabilisers, film-forming agents and surfactants 
(Cui, Wu & Ding, 2013). 
Xyloglucans are the principal polysaccharides of vascular plant. Their backbone 
structure consist of (1,4) β-D-glucopyranose, with an attachment of xylopyranosyl residues 
(Figure 1.6). Few residues may have extra galactosyl and fucosyl groups. The materials are 
extracted from the cotyledons parts of tamarin seeds. Addition of alcohol, high levels of sugar 
(40-70%) or polyphenolic compounds in xyloglucans systems can induce gel formation. 
Elastic gels with good water-holding capabilities are formed in the presence of added sugar. 
Polyphenol compound, i.e. catechin, can form gels with tamarind xyloglucan (Nishinari et al., 
2000). Commercial xyloglucans are employed as stabiliser, thickener, gelling agent and 
starch replacer. 
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Figure 1.6 Illustrations of arabinoxylans (top) and xyloglucans (bottom) (Izydorczyk, Cui & 
Wang, 2005). 
1.1.1.2.3 Lignin 
Lignin is the second-most plentiful polymer in nature, behind cellulose (15-20%, dry 
weight) and the polymer yields strength and support to the walls of plant cells. Lignin is a 
hard, rigid matrix of tremendous strength. The polymer is located at the pectin layer of plant 
and secondary cell wall, and binds together the plant cellular layers. The structure of lignins 
is extremely complex and varies with the plant sources, duration of growing season and 
conditions of growing location. Figure 1.7 shows the model lignin structure. Basic structure 
of lignin polymer constitutes of guaiacyl unit (G), hydroxyphenyl unit (H), and syringyl unit 
(S) and they are derived from coniferyl alcohol, coumaryl alcohol, and sinapyl alcohol, 
respectively. The compositions of these units vary in distict families of plants (Buranov & 
Mazza, 2008; Crestini et al., 2011). For example, lignin in hardwood has high content of 
syringyl units, whereas eucalyptus lignin is rich in guaiacyl. The structure of lignin shows 
that the polymer contains hydroxyls and many polar groups and as such form intra- and inter-
molecular hydrogen bonds. These bonds cause intrinsic lignin insoluble in any solvent.  
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The polymer can be extracted from various sources, including wood, cereal straws, pulp 
and paper, and sugarcane bagasse. Woody plants are the primary source of lignin, with lignin 
levels in these plants range between 30 and 40%, in terms of weight. Other sources only 
consist of 3-25% lignin (Smorlaski, 2012). Native lignin has limited application because of of 
its structural characteristics; therefore, the polymer is generally modified to improve its 
functionality. Reduction of the brittleness, better solubility, and increase in chemical 
reactivity, are examples of the properties of modified lignins (Argyropoulos, 2012). Lignins 
can be potentially used in the manufacture of resins, additives and coating materials.  
 
 
Figure 1.7 Illustration of lignin structure (Chung and Washburn, 2012). 
1.1.1.3 Properties of dietary fibre 
Dietary fibre comprises of diverse macromolecules which have different 
physicochemical characteristics. Properties such as particle size, hydration, viscosity, surface 
area, and adsorption of organic molecules, can affect dietary fibre‘s functionality in end 
products (Guillon & Champ, 2000). Particle size has a critical role in regulating several 
processes in human digestive tract i.e. fermentation, faecal excretion, and transit time. 
According to Chau et al. (2006), the inhibitory effect against enzymes in GI tract (α-amylase 
and lipase from pancreas) can be enhanced by reducing the fibre‘s particle size. Choi and 
Baik (2013) demonstrated a considerable impact of flour‘s particle size on sponge cake batter 
density and viscosity. Particle size may also account for the gritty texture found in food 
products enriched with insoluble dietary fibre (Guillon & Champ, 2000). It has been reported 
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that cake fortified with smaller particle size (<125 µm) of rice bran yields more desirable 
mouthfeel characteristic (Majzoobi et al., 2013). 
Fibre‘s hydration properties correspond to some of their physiological effects, for 
instance, faecal bulking. Swelling, water absorption and water retention are aspects that are 
associated with the hydration attributes of dietary fibre. Both swelling and water retention 
offer general insights into hydration of fibre, which is important for foods enriched with fibre. 
Water absorption provides information in regards to the material‘s substrate pore volume, 
which elucidates the fibre‘s behaviour during gut transit (Guillon & Champ, 2000). 
Processes, such as grinding, heating, and drying, as well as the conditions of the environment 
(e.g. ionic strength and pH) have been documented to influence the hydration properties of 
dietary fibre (Collar & Angioloni, 2010). For instance, grinding may increase the surface area 
of dietary fibre, thus, they can hydrate at a faster rate (Sangnark & Noomhorm, 2003). 
Viscosity is a major characteristic commonly linked to soluble dietary fibre, e.g. pectin 
and β-glucan. Viscous fibre imparts changes in blood cholesterol and glucose levels, extends 
gastric emptying and slows the time for food to transit in the small bowel (Mälkki, 2001). In 
addition, viscous fibre has been incorporated in food system to prevent phase separation, 
collapse of foam, and crystallisation (Collar & Angioloni, 2010). Factors such as molecular 
weight, temperature, shear rate, particle size distribution, chemical structure and composition, 
and processing parameters can alter the viscosity of dietary fibre in liquid systems (Dikeman 
& Fahey, 2006). 
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1.1.2 Oat dietary fibre 
1.1.2.1 Composition 
Oat grain is constituted of protein, starch, lipids and dietary fibres. Starch is the major 
carbohydrate compound in oat grain, with its composition ranges between 65-85% of dry 
weight (Zwer, 2010). The carbohydrate is present in the endosperm section of oat‘s kernel. 
Oat starch granules have irregular shapes which are distinct from other cereals that possess A- 
or B-types granules. Further, the size of oat starch granules is smaller than other cereals, e.g. 
wheat, maize, and potato, except for rice starch. Amylopectin makes up larger part of the oat 
starch, around 60% (Zhou et al., 1998). 
The protein content in oats ranges between 15 and 20% with better nutritional quality 
compared to other cereals. Such quality is attributed to the traceable amount of prolamin and 
high level of lysine (Thompson, 2003). There are four types of proteins in this grain, i.e. 
globulins, albumins, prolamins and glutelins, with globulins being the most plentiful. On the 
contrary, prolamins are the major proteins in other cereal grains, e.g. wheat and barley. 
Globulins content in oat protein ranges from 52 to 75% of the total protein. The remaining 
proportions of oat proteins are 21-27% glutelins, 11-19% albumins, and 7-13% prolamins. 
The lipid content in oat is within the vicinity of 2-11%, which is higher compared to 
other cereals. The lipid is generally found in the endosperm and in the aleuronic layers of the 
oats bran (80%). Majority of oat lipids are unsaturated, with three fatty acids, i.e. linoleic, 
oleic and palmitic acids, constituting a large fraction (>90%) of the entire fatty acids 
(Kaukovirta-Norja & Lehtinen, 2008). The lipids contain long fatty acid chains like those 
found in acyl lipids and triacylglycerols.  It also contains a large amount of mono unsaturated 
oleic acid. The free lipids in oats are nonpolar while the static lipids are polar in nature. The 
oat kernels also contain polar lipids (0.8 – 2.8%) which are mainly glycolipids and 
phospholipids (Doehlert et al., 2010). 
Oat has dietary fibre in the range of 13 to 30% with the major portion being β-glucan. 
This soluble fibre accounts for 55% of the total dietary fibre (Zwer, 2010). The amount of β-
glucan in oat products varies, with oat bran having the highest concentration followed by 
wholegrain products and oat endosperm flour. Oat also contains higher level of β-glucan (3-
7%) compared to other grains, for instance, wheat only has around 1% β-glucan. The 
insoluble dietary fibre in oat mainly consists of arabinoxylans and cellulose (Singh, De & 
Belkheir, 2013). 
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1.1.2.2 Bioactive compounds  
1.1.2.2.1 Phenolic acids 
Hydroxycinnamic acids are the hydroxy derivatives of cinnamic acid and they 
constitute the primary form of phenolic acids. They are mainly include caffeic, sinapic, 
ferulic, and coumaric acids (Figure 1.8). Hydroxybenzoic acids are the other form of phenolic 
acids and occur in lesser degree. These hydroxylated derivatives of benzoic acid encompass 
syringic, p-hydroxybenzoic, protocathecuic, vanillic, and gallic acids (Meydani, 2009). 
Phenolic acids exist either in free or bound form within cereal grains, with the latter are 
usually found attached to the cell walls via ester linkages (Sosulski, Krygier & Hogge, 1982). 
Early work by Durkee and Thiverge (1977) recorded presence of hydroxycinnamic 
acids in oat seeds, i.e. ferulic, sinapic, and para-coumaric, as well as hydroxybenzoic acids, 
namely, p-hydroxybenzoic and vanillic acids. Further work by other researchers documented 
the presence of more phenolic acids in oat, i.e. caffeic, p-hydroxyphenylacetic, 
protocathecuic, o-coumaric, syringic, p-phenyllactic, and veratric acids (Sosulski, Krygier & 
Hogge, 1982; Zadernowski, Nowak-Polakowska & Rashed, 1999).  Numerous works showed 
that the dominant acid in oat is ferulic acid, with a significant portion of the acid found in the 
bound form (Guo et al., 2013). The results demonstrated that the majority of phenolic acids, 
particularly ferulic acid, were liberated following alkaline hydrolysis. These results led to the 
conclusion that these acids are attached to macromolecules (e.g. protein, polysaccharide) or 
grain‘s cell wall via ester linkage (Durkee & Thiverge, 1977). 
Sosulski, Krygier and Hogge (1982) divided phenolic acids in oat flours into three 
parts, i.e. insoluble bound, soluble esters, and free. The amount of phenolic acids in free 
fractions was the lowest among the three fractions, i.e. 8.7 mg/kg. By comparison, the other 
two fractions demonstrated higher levels of phenolic acids, i.e. 21 mg/kg for soluble esters 
and 58 mg/kg for insoluble fractions. The content of phenolic acids was substantially lower 
than the one reported in previous work because the study utilised debranned oat flour. The 
findings also indicated the existence of ferulic acid in all fractions, which predominantly is 
detected as insoluble bound residue.  
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Figure 1.8 chemical structure of common phenolic acids (Mattila et al., 2005). 
Xu et al. (2009) explored the impact of processes, i.e. steeping and germination, on the 
evolution of phenolic acids profile. The processes are typically employed to soften the oat‘s 
kernel structure and enhance the nutritional compounds. Steeping of oat grains for short time 
did not pose substantial alteration in the levels of phenolic acids. In contrast, germination 
process significantly influenced the amount of phenolic acids, by decreasing the bound 
compounds and increasing the free and total phenolics. According to the authors, the 
antioxidant activity of the extracts from oat grains displayed a positive relationship with 
steeping and germination processes. This is attributed to the correlation of phenolic acids 
content and antioxidant effect. Similar increase in the levels of oats‘ phenolic acids was 
documented by Tian et al. (2010).  
Techniques involving heat treatment are frequently utilised by food processors to 
produce oat products with desirable texture properties and sensory characteristics. 
Autoclaving, steaming, and drum drying are examples of techniques commonly employed to 
halt the activity of lipolytic enzymes. Such enzymes are culpable for the development of 
rancidity in oat products. Bryngelsson, Dimberg and Kamal-Eldin (2002) showed that 
individual phenolic acid behaved differently following autoclave process. para-coumaric, 
ferulic and vanillic acids content increased after autoclaving, whereas caffeic acid was almost 
undetected in autoclaved oat extracts. Steaming resulted in a reduction in caffeic acid and an 
increase in ferulic acid, but vanillin and para-coumaric content remained unchanged. All 
cinnamic acids demonstrated a decreasing trend following application of drum drying. The 
authors suggested that the disparity in the behavior of individual phenolic acid subjected to 
these processes may be attributed to their distinctive distribution in oat grain and disparate 
chemical structure. 
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1.1.2.2.2 4-vinyl guaiacol (PVG)  
Hydroxycinnamic acids can go through either thermal or enzymatic decarboxylation, 
producing volatile phenols, such as 4-vinylguaiacol and 4-vinylphenol (Vanbeneden et al., 
2008). 4-vinyguaiacol (PVG) is a product of free ferulic acid decarboxylation, as shown in 
Figure 1.9. The compound has a clove or spice-like flavour and this makes the compound is 
appreciated in some alcoholic beverages like Belgian wheat beers. However, the phenol is 
generally undesirable in most beverages (Szwajgier, Pielecki&Targoński, 2005). The 
compound also can contribute to either offensive or pleasing aroma in food products like 
roasted peanuts and fried soy products (McEwan, Ogden & Pike, 2005). 
PVG, with a very low taste threshold of 75 ppb, caused a detrimental off-flavour in 
stored juices made from oranges and grapefruits. PVG in combination with 2, 5-dimethyl-4-
hydroxy-3(2H)-furanone (DMHF) and a-terpineol gives these juices a ‗rotten‘ flavour 
(Tatum, Nagy & Berry, 1975). Work by Peleg et al. (1992) postulated that free ferulic acid in 
citrus products was responsible for the formation of PVG. Naim et al. (1988) argued that 
although only a small amount of free ferulic acid, i.e. 200 µg/L, were present in fresh juices 
they were adequate to form PVG at concentrations above the sensory threshold. Findings 
portrayed that the speed of PVG development increased during the storage of orange juice as 
well as with higher storage temperature. Fortification of this juice with free ferulic acid 
accelerates the process of formation of PVG (Peleg et al., 1992). The authors also found that 
juices with higher amounts of PVG were significantly inferior in aroma quality than controls. 
Klimczak and Małecka (2011) examined how storage condition influenced the content 
of PVG of two pasteurised orange juices. Findings indicated that fresh juices did not have any 
PVG, but after 12 months of storage at various conditions, i.e. 18, 28 and 38 ºC, there was a 
significant level of PVG present in the beverage, i.e. between 1227 and 2686 µg/L. Results 
demonstrated that higher storage temperature resulted in higher PVG content. Moreover, 
samples kept at 38 ºC were rendered unpalatable after two months of storage.  
The volatile phenol can be used as precursor to produce vanillin. Fiddler et al. (1967) 
suggested that PVG was prone to oxidation as a result of the labile double bond. Such process 
was able to yield oxygenated products, such as vanillin. Work by Koseki et al. (1996) served 
as further evidence of the mechanisms of PVG‘s conversion into vanillin in stored alcoholic 
beverages.  
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Figure 1.9 Process of decarboxylation of ferulic acid to 4-vinylguaiacol (Coghe et al., 2004). 
1.1.2.2.3 Avenanthramides 
Avenanthramides are phenolic amides also known as anthranilic acid amides and they 
are found in the groats and hulls of oats. These compounds, with low molecular mass, are 
soluble and available solely in oat grain (Collins, 1988). The avenanthramides are secreted by 
the plants in response to pathogens, for example, fungi. Oat comprises of at least 25 
avenanthramides and N-acylanthranilate in the groat areas, whereas only 20 of them are 
present in oat hull extracts. Figure 1.10 exhibits chemical structures of five major 
avenanthramides. Avenanthrramides A, B and C are correlated to the natural aroma of oat 
based products (Molteberg et al., 1996a). Collins, McLachlan and Blackwell (1991) 
documented nine new phenolic compounds and they reported three of them as avenalumic 
acid and derivatives of 3'-hydroxy and 3'-methoxy. The compounds have similar ethylene 
charateristics to p-coumaric, ferulic and caffeic acids that are attached to the amine unit of 
hydroxyl-substitued o-aminobenzoic acid via covalent bonds. 
The level of the phenolics in dehulled oats is within the range of 200-800 mg/kg 
(Collins, 1986). Work by Dimberg et al. (1996) demonstrated that the concentrations of 
avenanthramides in oat groats ranged between 25-47, 21-43, and 28-62 mg/kg, for 
avenanthramide A, B and C, respectively. Further, Peterson (2001) reported a level of 54, 36, 
52 mg/kg for avenanthramide A, B and C, respectively, in oat groats. In oat hulls, the levels 
were lower, i.e. 25 mg/kg for avenanthramides A and C, and 17 mg/kg for avenanthramide B. 
These results were based on his unpublished work with his colleague, i.e. C.L. Emmons. The 
concentration of avenanthramides in oats depends on the genotype and environment in which 
they grow. 
Avenanthramides are powerful antioxidants, with the compounds demonstrating ten to 
thirty times greater antioxidant capacity compared to other phenolic acids like caffeic acid 
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and vanillin (Dimberg et al., 1992). Study by Peterson, Hahn and Emmons (2002) implied 
that avenanthramide C had the highest in-vitro antioxidant properties compared to other 
avenanthramides, although it only constituted around 30% of total avenanthramides in oat 
grains. In oat kernels, avenanthramides are considered as the dominant phenolic antioxidants 
(Emmons & Peterson, 2001; Peterson, Emmons & Hibbs, 2001).  Such view is also shared by 
Hitayezu et al. (2015) who argued that avenanthramides were the principal antioxidant in oat 
milling fractions. Besides possessing antioxidant properties, these polyphenols display anti-
inflammatory, antiproliferative, anti-itch and vasodilation effects. The aforementioned 
properties may offer extra protection against cardiovascular disease, cancer and skin irritation 
(Meydani, 2009).  
Several studies have suggested that these phenols were fairly stable upon application of 
heat treatment under particular conditions (Dimberg et al., 1996). It has been postulated that 
avenanthramides exist primarily in free form or other forms that are difficult to hydrolyse, in 
contrast to hydroxycinnamic acids (Bryngelsson et al., 2002). The study insinuated that 
among the three main avenanthramides, type Bp was more susceptible to steaming compared 
to types Bc and Bf. Types Bp, Bc, and Bf correspond to avenanthramides A, C and B, 
respectively in Figure 1.10. 
 
 
         Figure 1.10 Structure of major avenanthramides (Peterson, 2001). 
1.1.2.2.4 Free fatty acids and lipid oxidation products 
Lipids are primarily located in the germ of cereal grains. Lipid profiles play important 
role in the nutritional quality, energy level, and sensory attributes of oat based products. Work 
by Zhou et al. (1999) exhibited that among cereal grains, oat possesses the highest quantity of 
lipid, i.e. between 2 and 11%. Neutral oat lipids mainly comprise of triacylglycerols, 
accounting for 50 to 60% of the total lipids. Oat lipids also contain polar compunds like 
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phospholipids and glycolipids in lesser amount. The majority of oat lipids (>80%) exists in 
free form which can be isolated with nonpolar solvents, such as hexane. The remainder is 
named bound lipids and requires polar solvent like water-saturated n-butanol. The bound 
lipids also include lipids that form complexes with oat‘s starches in the vicinity of 1-3% 
(Lampi et al., 2015; Zhou, Robards, Glennie-Holmes & Helliwell, 1999). 
The leading fatty acids in oat‘s acyl lipids are palmitic (13-26%), linoleic (25-52%), 
oleic (22-47%), linolenic (1-3%) and stearic (1-3%) acids, and as such constitute a sizeable 
fraction of total fatty acids, i.e. around 95%. Lampi et al. (2015) documented that the 
unsaturated moieties, i.e. linoleic and oleic acids, accounted for 85% of entire fatty acids in 
flours and extrudates made from oat grain. These fatty acids are imperative for oat‘s 
nutritional quality and stability. Linoleic (omega-6) and linolenic (omega-3) acids are 
important fatty acids in human diet (Stryer, 1975). The latter can also instigate oil instability. 
On the other hand, palmitic acid enhances the stability of oil against lipid peroxidation (Thro, 
Frey & Hammond, 1983). Triacylglycerol fraction is dominated by oleic acid, while the 
phospholipid and glycolipid parts are governed by linoleic acid (Sahasrabudhe, 1979; de la 
Roche, Burrows & McKenzie, 1977). 
In general, free fatty acids range between 2 and 11% of the total lipid. Free fatty acids 
(FFA) composition in oats can change during storage. Improper storage or handling is known 
to raise the concentration of FFA. For instance, wet bruised oat grains kept for 7 months at 
ambient temperature have been demonstrated to produce free fatty acids up to 16% of total 
lipid (Welch, 1977). In contrast, the dry intact grains displayed 4% of FFA. Rise in the levels 
of FFA was also recorded in intact oats during storage at two conditions, i.e. 30 and 80% 
relative humidity (Molteberg et al., 1995). Besides storage, research has documented the 
effect of processing on free fatty acids profiles. Heat processing, i.e. steaming, caused a 
substantial reduction (around 50%) in the content of oat‘s free fatty acids (Molteberg et al., 
1995). The study attributed the loss in FFA to the construction of FFA-starch or FFA-protein 
complexes. Further, they argued the oxidation of fatty acids with double bonds contributed to 
the decrease in linolenic acid. 
High lipids content in oat products is often associated with the development of adverse 
flavours. Lipids remain stable when oat groats are kept at 20 °C and at moisture content of 
12-14%. In contrast, any physical disruptions to the grain will activate enzymes like lipase, 
lipoxygenase and peroxidase (Zwer, 2010). These enzymes are generally inactivated by heat 
treatment, but factors such as high humidity, elevated storage temperature, and high oxygen 
level are known to accelerate the rancidity process (Molteberg et al., 1996b). The enzyme 
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lipase hydrolyses triacylglycerols to free fatty acids (Damerau, 2015; Decker, Elias & 
McClements, 2010). Unsaturated free fatty acids are prone to oxidation producing 
hydroperoxides by the enzymes lipoxygenase and lipoperoxidase. These hydroperoxides are 
precursors of secondary lipid-oxidation products, for example, hexanal, which produce 
undesirable aroma (Head, Cenkowski, Arntfield & Henderson, 2011; Heiniö et al., 2002).  
Aldehydes, ketones, and alcohols are typical volatiles that had been identified in oats. 
In addition, derivatives of pyrazines and pyridines are detected in heat-treated oat products 
(Heiniö, 2003). Sjöval et al. (1997) recorded presence of hexanal, decane, nonanal and 2-
pentylfuran in extruded oats. Storage and elevated extrusion temperature increased the 
content of these volatiles, in particular, hexanal. Heiniö et al. (2002) argued that pentyl furan, 
hexanal, 3-methyl-1-butanol, and pentanol constituted a large fraction (more than 80%) of the 
total volatiles in dried rancid oats. Work by Klensporf and Jelen (2005) also detected 
occurrence of various volatiles in oat flakes, such as decanal, hexanal, heptanal, nonanal and 
octanal, with hexanal being the most abundant. Logan, Nienaber & Pan (2013) also supported 
the argument that hexanal was the major volatile in oats and suggested that the volatile 
resulted from the degradation of linoleic and oleic acids.  
Since hexanal is the most abundant volatile in oat based products and has a low odour 
threshold, hence, it is a useful indicator of lipid rancidity in oats (Heiniö, Lehtinen, Oksama-
Caldentey, & Poutanen, 2002). Fritsch and Gale (1977) stated that rancid flavour was 
noticeable in oat products when the hexanal levels reached 5-10 mg/kg. Lehtinen et al. (2003) 
demonstrated that application of heat treatment in oats produced much higher hexanal content 
than in unprocessed counterparts, although the enzyme lipase had been inactivated in heat-
treated oats. They attributed hexanal formation to the oxidation of lipids, particularly the 
polar group. The aforementioned process suggested that thermal treatment caused 
decomposition of cell membrane network and the inactivation of heat sensitive antioxidants. 
1.1.2.2.5 Tocols 
Tocols are soluble in lipid and occur in various cereal grains and vegetable oils. They 
are commonly known as vitamin E. They can be found in the germ sections of cereal grains. 
Tocopherols (TP) and tocotrienols (TT) are the two members of tocols. On the basis of 
location and number of methyl (-CH3) groups, TP and TT exist in four forms, α, β, γ, and δ 
(Figure 1.11; Peterson et al., 2007). The disparity in the chemical structures of these isomers 
governs the activity of Vitamin E. A study by Panfili et al. (2008) exhibited the order of 
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vitamin E activity of different isomers as follows: αTP > βTP > αTT > γTP > βTT > δTP. 
Despite the fact that αTP produces highest vitamin E activity, it doesn‘t necessarily mean that 
the isomer also has the highest antioxidant activity. Isomer αTT exhibits much greater 
antioxidant capacity, i.e. 40-60 times, compared to αTP. 
Oat and barley grains have the highest levels of tocols among all cereals, with αTT and 
αTP being the dominant tocols in oat. Other tocols, such as βTP, βTT, γTP and δTT, are found 
in minor levels (Gangopadhyay, Hossain, Rai & Brunton, 2015). Peterson and Qureshi (1993) 
reported that the levels of tocols in 12 oat varieties cultivated at three distinct regions in USA 
ranged between 19 and 30.3 mg/kg. They suggested that location and genetic make up of the 
plant greatly affected the levels of tocols. Almost all tocopherols are located within the germ, 
while endosperm is the source of most tocotrienols. Generally, the compounds are stable in 
raw groats during seven months storage at ambient temperature. However, for processed oats 
(including dried groats), degradation occurs within one or two months after processing 
(Peterson, 1995).  
 
 
Figure 1.11 Chemical structure of (a) tocopherols and (b) tocotrienols (Gangopadhyay et al., 
2015). 
1.1.3 Gelatin 
Collagen is the primary fibrous protein constituent in bone, tendons, and skin from 
mammalian sources like bovine and porcine. Collagen that is subjected to partial hydrolysis 
can produce gelatin, which is a very versatile hydrocolloid with diverse applications ranging 
from food, pharmaceutical, nutraceutical, paper to photography industries (Williams & 
Phillips, 2012). Gelatin is vastly utilised as a thickener, stabilizer, gelling and clarifying 
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agent, as well as coating hydrocolloid (Djagny, Wang, & Xu, 2001). The utilisation of gelatin 
by food processors is largely confined to confectionery and bakery products, for instance, 
candies, ice-cream, bakery goods, desserts and dairy products, as listed in Table 1.1.  
However, there are some concerns regarding gelatin utilisation in food products which 
are mainly: (1) Health issues like bovine spongiform encephalitis (BSE) and similar animal 
diseases that can be transmitted to humans through the consumption of animal based food 
products; as a result, some people have turned to plant sources to avoid such risks; (2) 
Religious aspects – some type of gelatin is derived from pig, therefore cannot be used by 
some religious groups such as Muslim and Jewish. As a result, gelatin from aquatic sources, 
such as fish skins, has been gathering a considerable interest in the past decade 
(Madhamuthanalli & Bangalore, 2014).  
 
Table 1.1 Application of gelatin in food products (adapted from Ledward, 2000). 
Food product Functionality 
  
Frozen cream To impede the crystallization of ice and sugar. 
Ice cream To prevent crystallization of the end product. 
 Marshmallows and foam wafers To improve the product’s stability, to prevent 
the crystallization, and  to raise the viscosity of 
the system, 
Lozenges, wafers, and sweetening agents To restrict the dissolution of the product. 
Meat products To hold water/preserve the juices. 
  Novel dairy products To produce creamier stirred yoghurts, and 
gelled products with good organoleptic 
properties. 
Drinks industry A flocculating agent. 
 
1.1.3.1 Structure and composition  
Collagen protein, from which all gelatin are derived, is constructed of three units of 
polypeptide intertwisted together to form a collagen triple-helix structure with frequent 
occurrence of proline in X direction and hydroxyproline in Y direction (Figure 1.12; Arnesen 
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and Gildberg, 2007). Hydrogen bonds hold the structure together giving it shape. The 
sequence and content of amino acid in collagen vary depending on the source, but glycine, 
proline and hydroxyproline always occur in large amounts. A typical collagen structure 
comprises of glycine in high amount (about 33%), followed by proline (12-14%), 4-
hydroxyproline (12%), and 1% of 5-hydroxylysine (Meera and Emilia, 2006). Glycine is 
distributed uniformly in every third position representing 1/3 of the total residue in the 
collagen molecule (Sell et al., 2009). Fish gelatins possess a lower content of imino acid 
(proline +hydroxyproline) than that of porcine counterpart (Madhamuthanalli & Bangalore, 
2014).   
Gelatin is the output of thermal decomposition of insoluble collagen through a process 
known as thermohydrolysis, with diverse molecular weights (MWs) and  isoionic points 
(IEPs) according to the source of collagen and its manufacturing method (Gómez-Guillén, 
Pérez-Mateos, & Gómez-Estaca, 2009). In contrast to collagen, gelatin is soluble in warm 
water (<50 °C). The material comprises of mixture of heterogeneous proteins with varying 
molecular weights and compositions (Haug & Draget, 2011). Its average molecular mass is 
within the vicinity of 20,000 and 250,000 Da.  
 
 
Figure 1.12 Gelatin structure (Williams & Phillips, 2012). 
Based on the manufacturing treatment, the protein can be assorted into two varieties, 
i.e. A and B. Type A gelatin is acquired when the washed collagen is treated with cold diluted 
mineral acid (with the optimal pH ranging between 1.5 and 3.0). On the other hand, type B 
gelatin is produced from the washed raw materials treated with alkali agents, commonly with 
Ca(OH)2 and optimal pH of around 12. Type A gelatin has isoelectric point (pI) value within 
the range of 7 to 9, whereas type B counterpart posseses lower pI, i.e. around 5, owing to the 
alkaline treatment (Ledward, 2000). 
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1.1.3.2 Properties of gelatin 
At temperature above 40 °C, gelatin in solutions exists as random coils. The 
temperature of helix-to-coil transition (denaturation temperature) is primarily influenced by 
the content of pyrolidine residues. The helix-to-coil temperature for mammalian gelatins is 
typically around 36°C, whereas fish gelatins have much lower range, i.e. between 15 and 20 
°C (Haug & Draget, 2011). Upon cooling the solution and at levels above the critical 
concentration, a clear gel will be formed. The critical concentration for gelatin ranges 
between 0.4 to 1% (Gilsenan and Ross-Murphy, 2000a). Gelatin gels have a unique thermo-
reversible characteristic, which can be converted to solution upon heating to 35-40 °C. Such 
property gives gelatin a ‗melt in the mouth‘ feeling, which is desirable in many food products 
(Ledward, 2000).  
The gelation of gelatin is a process that occurs when there is a cross-linking that 
generates the construction of junction zones and three-dimensional branched networks (Clark 
and Lee-Tuffnell, 1986; Gilsenan and Ross-Murphy, 2000b). Inter chain hydrogen bonds help 
stabilise these junction zones, which are prone to breakage at 35-40 °C resulting in melting of 
the gel. The onset gelation temperature for gelatin is typically below 30 °C (Kasapis & Al-
Marhoobi, 2005). Djabarouv, Lechaire and Gaill (1993) proposed that gelatin‘s triple helix 
network was formed through the twisting of three helices (α–chains), which are left-handed, 
around one another. The aforementioned process produces a super-helix that is right-handed. 
According to Hawkins et al. (2008), helices, instead of aggregation, are the major forces 
driving the network formation. 
Network of gelatin gel is regularly being rearranged to add junctions of increasing 
thermal stability (Zandi et al., 2007). Hence, the strength of the gels rises slowly with time 
and seldom obtains an ‗equilibrium‘ value. The strength of commercial gelatin gel is 
determined with Bloom value, as opposed to storage modulus. The Bloom strength is a single 
point measurement which shows the hardness of gelatin gel produced under specified 
conditions and as such does not provide insights about gelation kinetics (Haug & Draget, 
2011). 
Payne et al. (1999) reported that the gelatin gel‘s properties depend on the following 
factors: molecular weight, temperature, pH and ionic interactions between gelatin chains. 
Gelatin gel‘s strength is not influenced by pH when it is within pH range of 4-10. However, 
extreme pH values (pH<4 or pH>10) impedes the construction of junction zones owing to the 
high net positive or negative charge. Further, the protein gel can be reinforced with addition 
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of small co-solutes such as sugars and polyols. However, the gelling and melting 
temperatures of the proteins may be affected by the presence of these co-solutes (Kasapis et 
al., 2003). 
The protein possesses both hydrophobic and hydrophilic amino acids, hence, is an 
amphipathic material. Such feature gives the protein capability to adsorb at the interfaces of 
colloidal systems and thereby enhances the stability of the systems. For instance, gelatin can 
increase the stability of air bubbles in food foams, such as whipped creams (Hattrem & 
Draget, 2014).  
1.2 Biopolymers mixtures  
Biopolymers mixtures are mainly composed of two or more different types of 
biopolymers, for example, protein and polysaccharide mixtures. The resultant system is 
influenced by the nature of the biopolymers. Two interactions may arise upon mixing 
distinct food biopolymers, i.e. associative and segregative. The former only happens in a 
few mixtures and is characterised by the construction of heterotypic junction in ordered 
arrangement. Such process produces ―synergistic gels‖ (Morris 2009). In associative 
interaction, proteins below their pI interact electrostatically with polysaccharides that 
possess negative charge (Ye, 2008). This interaction generally results in co-precipitation of 
the two biopolymers as a ―complex coacervate‖. Associative interaction is commonly 
employed in dairy preparations due to its ability in hampering phase separation and 
destabilisation of systems comprising non-interacting polymers, e.g. guar gum or carob bean 
gum (Chappellaz et al., 2010; Thaiudom & Goff, 2003).  
Segregative interactions are the typical interaction observed in all biopolymer 
mixtures and are characterised by the ―thermodynamic incompatibility‖. Such phenomenon 
refers to the preference of isolated molecules to be surrounded by others of same kind 
(Syrbe et al., 1995). The thermodynamic incompatibility occurs due to the difference in the 
polarity. Turgeon et al. (2003) stated that factors such as molecular characteristics of 
biopolymers, mixing procedure and mixing conditions can also influence thermodynamic 
incompatibility. 
Figure 1.13 illustrates the thermodynamic incompatibility between protein (A) and 
polysaccharide (B). Binodal curve diagram that appears as a solid line is a depiction of the 
co-solubility of biopolymers in the system. The region beneath the binodal curve (AB1) 
correlates to one-phase mixed systems, whereas the area above the curve (AB) corresponds 
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to two-phase systems. Point G is the threshold for phase separation to take place. The 
critical point F indicates the point at which both co-existing phases possess same 
composition. System C is formed through mixing aquous preparations A and B based on the 
ratio of the volumes (BC/AC). Mixed system C collapses into two regions: protein-
dominated region (D) and polysaccharide-dominated region (E) (Tolstoguzov, 1995, 1997).   
Segregative interactions often yield phase separation in mixed systems, with each 
phase has a high level of one polymer and a low level of another. Occurrence of such event 
in solutions can be recognised by the presence of turbidity during mixing due to one phase 
behaving as a continuous matrix and another phase behaving as dispersed liquid (Morris 
2009). Kasapis et al. (1993a) examined the thermodynamic incompatibility event in 
composite preparations of protein (gelatin) and polysaccharide (maltodextrin). They found 
that the mixed systems phase separated into two layers, with proportions reside along a 
binodal curve. However, below the binodal, extensive precipitation of maltodextrin was 
documented. 
 
Figure 1.13 Thermodynamic incompatibility of polysaccharide/protein mixture 
(Tolstoguzov, 1995, 1997). 
In the case of gelling biopolymers, phase separation leads to formation of biphasic 
biopolymers co-gel. In such system, one polymer forms a continuous phase and another 
polymer behaves as a dispersed phase. Gelation of a one-phase mixture can also produce 
phase-separated co-gels. In this condition, the first polymer to gel will produce a continuous 
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network, with the aqueous preparation of the second polymer spread throughout the 
continuous phase. Subsequent gelation of the second polymer will result in another gel phase. 
Kasapis (2008) argued that there was an opposing influence occurring between the degree of 
phase separation and ordering aggregation. The latter gives rise to a process called gelation.  
Work by Kasapis et al. (1993b) exhibited phase separated co-gels in 
gelatin/maltodextrin systems. Further, there was a phase inversion from protein-continuous to 
polysaccharide continuous system that happened over a small range of composition. Such 
reversal in the phase is a typical occurrence in mixed gels leading to changing levels of 
solvent allocation between the two phases. The solvent distribution impacts the elasticity and 
strength of the materials. Phase inversion is also documented in another system, i.e. whey 
protein and agarose. Work observed a range of biphasic systems from polysaccharide-
continuous permeated by whey protein in liquid form to phase inverted matrices with protein-
continuous filled with hard agarose particles (Katopo et al., 2012). The work also displayed 
the impact of changing pH on the mechanical behaviour whey protein/agarose mixtures. 
Phase separation, as a consequence of segregative interaction, is also reported in milk 
protein/β-glucan systems, with protein and beta-glucan being the continuous and dispersed 
phase, respectively (Corredig et al., 2011). Inclusion of beta-glucan possessing high 
molecular mass has been recorded to weaken the protein network of acidified milk gels 
(Lazaridou et al., 2008). This weakening effect could be overcome by using higher levels of 
β-glucan since it will increase the consistency of the continuous matrix. As a consequence, 
the rate of phase separation could be reduced.  
Phase separation also governs the structural properties of protein/co-solutes gels, which 
generate a distinct protein or co-solute rich regions (Kasapis et al., 2003; 2004). Examples of 
co-solutes include sucrose, glucose syrup, and polydextrose. Polydextrose has been shown to 
impact the phase morphology of bicontinuous systems of gelatin and agarose. Increasing the 
concentration of the glucose polymer hindered the extensive aggregation of agarose chain. In 
contrast, gelatin in condensed polydextrose environment maintained its conformational 
stability through increased protein structuring (Almrhag et al., 2013). 
1.3 Ultra high temperature (UHT) 
In general, food products are thermally treated in an effort to improve their appeal, 
nutritional value and stability. Pasteurisation is the main process employed thermally in the 
beverage industry, particularly those including dairy ingredients. Such technique involves 
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heating beverages, e.g. milk, to 62-65 °C for a minimum period of 30 min, followed by 
cooling. This type of pasteurisation is also known as low-temperature long-time (LTLT). 
Another type of thermal treatment, i.e. high-temperature short-time (HTST), is recognised as 
a leading heat treatment for pasteurised liquid milk. The process utilises a temperature of 72-
74 °C for 15-30s (Kumar & Sandeep, 2014). Both processes significantly affect the 
nutritional quality of food products, especially the heat sensitive phenolic compounds. 
Therefore, there has been a push to use other methods which are less severe and can minimise 
nutritional loss.  
Ultra high temperature (UHT) processing is a popular choice in milk processing to 
produce products with remarkable nutritional and organoleptic quality. UHT is a continuous 
heating process which employs high temperature from 130 to 145 °C with 2-5s holding time 
(Kelly, Datta & Deeth, 2005). The technique, coupled with aseptic packaging, is capable of 
prolonging the storage life of the product to 9 months without refrigeration. By comparison, 
pasteurised products typically have limited shelf life even with refrigeration, i.e. 2-3 weeks 
(Datta & Deeth, 2007). Besides milk, application of UHT process have been found in 
products such as juices, energy and sport drinks, cereal-based beverages, custards, yogurts, 
baby foods, salad dressing and sauces.  
UHT can be categorised into two classes, i.e. direct and indirect, based on the heating 
systems. The former employs superheated steam which is injected or infused directly with the 
food systems. The latter employs a heat exchanger to transport heat from high temperature 
water or steam to the material. The heating medium can be either pressurised hot water or 
superheated steam (Kelly et al., 2005). 
1.3.1 Direct UHT  
Direct UHT systems can be categorised into two, steam injection and steam infusion. 
The former involves injecting superheated steam into a stream of food product, whereas the 
latter involves spraying product, in the form of thin film, into superheated steam. Both 
processes are able to raise the temperature of product instantenously, but steam infusion is 
faster than steam injection. Further, the steam infusion method generally produces less 
fouling than steam injection (Datta et al., 2002). 
 Dilution of milk is a common occurrence in direct heating process due to condensation 
of steam. Lewis and Heppell (2000) demonstrated around 11% rise in milk‘s volume when 
the intensity of heat was raised from 80 to 140 °C. Flash cooling the heated milk in vacuum 
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chamber is necessary to eliminate this excess water. The temperature of product exiting the 
cooling compartment should be higher (around 2 °C) than that of preheated milk. 
Direct UHT needs a higher sterilisation temperature, typically around 3 °C, than 
indirect counterpart to acquire a comparable sterilisation effect. This is because indirect 
heating has ᵒa higher operating cost than indirect counterpart, but, has better ability in 
eradicating heat-resistant sporeformers microorganisms without too much chemical changes. 
Direct UHT is suitable for homogenous and viscous food systems, particularly for shear-
sensitive products like desserts, creams and sauces. Products processed with direct UHT 
system possess lesser cooked flavour compared to that with indirect UHT heating (Datta et 
al., 2002).  
1.3.2 Indirect UHT  
Indirect heating is usually conducted through tubular, plate, or scraped-surface heat 
exchangers (Manzi & Pizzoferrato, 2012). The transfer of heat happens when the product is 
in contact with the metal surface which gets heated by pressurised hot water or steam. In the 
case of water as the heating vehicle, it flows in opposite direction of the product. The purpose 
of this reverse flow is to reduce the difference in the temperature between the two liquids or 
materials and, thus, minimise the level of burn-on (Datta et al., 2002). Dentener (1984) 
demonstrated that utilisation of hot water, as opposed to steam, as heating medium resulted in 
a smaller difference in the temperature between milk and hot water. Therefore, hot water is 
the preferred heating vehicle to minimise fouling and off-flavour in food products. Products 
processed through indirect modes are subjected to greater heat intensity compared to products 
processed through direct counterpart with comparable bacterial effectiveness. This is because 
the heating of product from pre-heat to sterilisation temperature and intial cooling of the 
sterilised product occur at a slower rate in indirect method than in direct counterpart.  
Indirect heating is prone to burn-on or fouling due to the contact of product with hot 
metal surfaces (Kumar & Sandeep, 2014). Among the three heat exchangers, a greater fouling 
is typically encountered with plate heat exchanger. Such system has narrow area between the 
plates which are easily blocked (Datta et al., 2002). Burn-on deposit increases thermal 
resistance and, thus, decreases the rate of heat transfer. Such event can cause difficulty in 
sustaining the plate‘s sterility (Szemplenski, 2012). Indirect UHT with plate heat heat 
exchanger is only suitable for homogenous liquid products such as milk, juices, and thin 
sauces (Kumar & Sandeep, 2014).  
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Tubular heat exchanger consists of a cylindrical shell with tubes inside it that are 
arranged in either helical or trombone fashion. Such material is capable of withstanding 
higher pressure compared to plate heat exchanger, thus, is suitable for viscous products 
and/or products containing particles with a maximum size of 3 mm (Kumar & Sandeep, 
2014). The tubular system is less prone to fouling than plate heat exchanger. Food products 
such as fruit puree, soups, puddings, and cheese sauces can be processed using indirect UHT 
with tubular heat exchanger (Szemplenski, 2012). 
Scraped surface heat exchanger includes a jacketed cylinder with rotating scraping 
blades. Such mechanical action raises the speed of heat transfer and hinders fouling on the 
heat exchanger‘s surface. This type of indirect heating system is only utilised for highly 
viscous food products and products with particulate matter up to 15 mm in size, e.g. diced 
fruit preserves, because of the low energy efficiency and high equipment and maintenance 
cost (Kumar & Sandeep, 2014). 
1.3.3 Combined direct-indirect UHT  
In recent years, advanced UHT systems that combine direct and indirect heating after 
the preheat-stage have emerged. Such systems are capable of yielding rapid heat regeneration 
and minimising chemical-deterioration, in particular, modification of flavour and fouling, 
compared to the individual direct or indirect heating system, respectively (Datta et al., 2002). 
Examples of the combination systems are APV‘s High-Heat Infusion System and Tetra Park‘s 
Tetra Therm® Aseptic-plus-Two (Fredsted, 1996; Bake & Theis, 1995). The former uses 
steam infusion technique in the sterilisation phase, wheres steam injection is employed in the 
latter. 
The mechanisms of combined direct-indirect systems involve extending the indirect 
pre-heating from 80-90 °C, in the conventional systems, to 120 °C. In the combination 
system made by APV, the vacuum compartment is located after the initial heating process to 
95 °C, whereas in direct system it‘s placed after the high-heat segment. Such arrangement 
increases the efficiency of subsequent homogenisation and lessens burn-on in heat 
exchangers. In the Tetra Park‘s system, vacuum chamber is located after the first cooling 
stage to aid in cooling the product and removing the extra water from direct heating stage 
(Datta et al., 2002). 
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1.3.4 Impact of UHT processing on food constituents 
Thermal processes, such as UHT, yield alterations on the properties of food‘s macro- 
and micro-constituents, e.g. carbohydrates, proteins, lipids, vitamins, and other bioactive 
compounds. UHT processing has been shown to induce lactose isomerization to lactulose. 
Such compound does not exist in fresh and pasteurised milk. Further, the severity of UHT 
treatment affects the degree of isomerisation (Manzi & Pizzoferrato, 2012). The content of 
lactulose in UHT milk has been proposed to be less than 600 mg/L, since higher 
concentrations of lactulose are characteristic of sterilised milk (European Commision, 1992). 
UHT processing of milk causes protein denaturation, largely beta-lactoglobulin which 
undergoes irreversible denaturation and forming complexes with casein micelle. Such 
complexes protect UHT milk against rennet coagulation. In addition, formation of off-flavor 
and amino acid lysinoalanine is also reported in UHT milk (Fox & McSweeney, 1998). UHT 
process can also induce interaction between protein and sugar, producing Maillard reactions. 
These are complex reaction series between the proteins and the reducing sugars through the 
Amadori re-arrangements (Apichartsrangkoon, Wongfhun & Gordon, 2009). These reactions 
are enhanced during storage of UHT milk, notably at higher storage temperature. 
The shelf life of dairy products that are UHT-treated, especially milk, is often restricted 
by age gelation. Such phenomenon is triggered by the interaction between whey protein (β-
lactoglobulin) and casein (mainly κ-casein), which is induced by heat treatment. During 
storage, these complexes of β-lactoglobulin and κ-casein dissociate from casein particles and 
aggregate into a three-dimensional protein matrix. This, in turn, causes milk to thicken and 
gel (Datta & Deeth, 2001). Proteolysis has been shown to increase the rate of gelation due to 
the activity of native milk plasmin or microbial proteinases that liberates the complexes from 
casein micelle (Manzi & Pizzoferrato, 2012). 
In regards to lipid, UHT treatment yields little alterations in the properties of milk fat 
(Kelly et al., 2005). However, the process can promote lipid oxidation which occurs during 
storage. The aforementioned event leads to formation of volatile aldehydes and methyl 
ketones, which is often associated with stale flavour (Perkins et al., 2005). Czerny and 
Schieberle (2007) stipulated that active packaging was able to adsorp these odor-active 
compounds, hence, reducing these compounds in UHT milk. 
Vitamins, such as ascorbic acid and folic acid, are severely affected by UHT 
processing. Andersson and Oste (1992) reported a considerable decrease in the quantity of 
these vitamins in UHT-treated milk during processing and extended storage. In contrast, the 
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content of several vitamins, namely, biotin, riboflavin, nicotinic acid, and pantothenic acid, 
remains unchanged after UHT treatment. Besides those water-soluble vitamins, vitamins A, D 
and E (soluble in fat) are not affected by UHT process (Burton, 1988).  
Xu and Chang (2009) showed that UHT processing significantly decreased the total 
phenolic content (TPC) of soy milk; with greater loss in TPC being demonstrated by direct 
UHT process compared to indirect system. The work reported 15.5-42.5% and 7.5-16% 
reduction in TPC for direct and indirect UHT processed soy milk, respectively. Further, 
indirect UHT process resulted in higher antioxidant activities than the direct counterpart. On 
the other hand, UHT processing has minor effect on the compositions of phenolic 
compounds, e.g. caffeic, ferulic acids, and 5-caffeoylquinic, in coffee brew. Application of 
UHT treatment decreased the intensity of volatiles in the processed coffee brew, except for 
hexanal (Sopelana et al., 2013). The researchers attributed the stability of hexanal to the low 
level of lipid in the coffee brew. 
Liu et al. (2015) also documented the susceptibility of phenolic compounds in litchi 
juice following application of UHT treatment. They stated that the thermal process 
significantly reduced the content of main phenolics, i.e. (-)-epicatechin, rutin and chlorogenic 
acid. Further, the process caused a substantial decrease in the total flavonoids, around 40.1%.  
1.4 Significance of research 
In recent years, there is a surging demand for enriching food products with dietary 
fibre, particularly insoluble dietary fibre, to improve their nutritional quality. Several health 
benefits, including a reduction in cholesterol and an increase faecal bulk, have been ascribed 
to the utilization of dietary fibre in human diet. However, application of insoluble dietary 
fibre in liquid and solid food systems is still limited because of their instability during storage 
and undesirable organoleptic properties. Besides organoleptic changes, addition of such 
polymer can influence the physicochemical properties of end products. To date, there is a lack 
of fundamental studies on the impact of insoluble dietary fibre‘s incorporation in liquid 
systems such as beverages in contrast to the widely investigated soluble dietary fibre. Given 
the above, the significance of this research is summarised in the following paragraphs: 
(1) Diseases associated with life-style trends, such as obesity, can be prevented by 
improving poor diet and lack of exercise. Research has demonstrated that 
consumption of fruits, vegetable and wholegrain cereals that are rich in dietary fibre 
can help combat such diseases (Fardet & Boirie, 2014). Therefore, this fundamental 
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research provides insights into developing formulations containing health promoting 
ingredients. 
(2) Food dietary fibre is a complex material that encompasses various constituents 
including phytochemicals. It is critical to characterise the evolution of various 
bioactive compounds from food dietary fibre, such as oat fibre, in complex food 
matrices. Therefore, development of suitable analytical techniques (HPLC, GC-MS 
and GC×GC) will elucidate the evolution of these compounds in beverages during 
storage. 
(3) It is critical to understand the underlying mechanisms that generate undesirable 
aroma in beverages enriched with dietary fibre. Such knowledge can aid food 
manufacturer in overcoming limitations of utilising insoluble dietary fibre as major 
ingredient in beverages.   
(4) Incorporation of food dietary fibre with a vast range of particle size distribution 
considerably affects the sensory and mouthfeel characteristics of final products. 
However, there is a limited work on the influence of fibre incorporation on the 
physicohemical properties of composite mixtures.  A study on the network 
morphology of model solid systems of gelatin/oat fibre will offer a basis of behaviour 
that can be adopted in further studies of binary mixtures with insoluble fibre 
inclusion. 
(5) Further, the research explores the effect of incorporation of various types of insoluble 
dietary fibre in the consistency of model beverages. Knowledge generated from this 
research will provide greater understanding of the cause of instability of fibre-
enriched model beverages during storage. 
1.5 Research questions 
The following are four research questions developed for this research: 
(1) Can we develop an armoury of suitable analytical techniques for the characterisation 
of chemical changes in oat fibre micro-constituents of phenolic acids, 
avenanthramides, free fatty acids and volatiles? 
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(2) What are the causes of malodorous flavour formation in UHT beverages enriched 
with oat fibre during storage? 
(3) How does the inclusion of different types of insoluble dietary fibre influence the 
consistency of model UHT beverages during storage? 
(4) How does the particle size distribution of oat fibre affect the physicochemical and 
structural properties of model solid-like systems made of gelatin and oat grain? 
1.6 Research objectives 
(1) Develop analytical techniques, i.e. HPLC, GC-MS and GC×GC, to characterize the 
evolution of micro-constituents in oat dietary fibre (avenanthramides, phenolic acids, 
free fatty acids, and secondary lipid oxidation products) in model UHT beverage 
matrices during shelf life. 
(2) Identify the sources of formation of off-flavour in model UHT beverages enriched 
with oat dietary fibre during storage. 
(3) Explore the effect of thermal process and storage temperature in relation to the off-
flavour development in model UHT beverages enriched with oat dietary fibre. 
(4) Develop an experimental protocol to investigate the phase behavior of gelatin and oat 
dietary fibre. 
(5) Investigate the influence of oat fibre‘s inclusion and its particle size distribution on 
the structural properties of gelatin gels. 
(6) Monitor the consistency of model UHT beverages fortified with various insoluble 
dietary fibres during shelf-life studies. 
(7) Examine the viscosity of model UHT beverages in relation to particle size distribution 
and storage temperature. 
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        The chapter aims to describe the materials (dietary fibres, biopolymers, enzymes, 
reagents, and solvents), methods, and instrumentation utilised in this study. The analytical 
methods used to characterise the evolution of micro-constituents in fibre-enriched beverages 
include High Performance Liquid Chromatography with two detection systems (Diode Array 
or Fluorescence), Gas Chromatography fitted with Mass Spectrometry, Two Dimensional 
Gas Chromatography and UV/vis spectroscopy. Further, rheological, calorimetric, 
microscopic and particle size measurements are employed to examine the chemical and 
physical attributes of biopolymers and biopolymer-dietary fibre mixtures. In addition, the 
theories behind the methods are provided in this chapter.  
2.1 Materials 
2.1.1 Food ingredients 
Food dietary fibres were supplied by Sanitarium Health and Wellbeing Company 
(Cooranbong, NSW, Australia). These included orange fibre fineground, kibbled wheat 
fineground, oat flour micromilled and oat fibre micromilled. The content of total dietary fibre 
in orange fibre, kibbled wheat, oat flour and oat fibre are 71.90, 10.70, 6.20 and 29.30%, 
respectively. The fat and protein levels ranged from 1.7 to 9.9% and from 6.3 to 16.8%, 
respectively. In addition to dietary fibres, the supplier also donated various food ingredients 
for model beverage formulations as follow: sugar, skim milk powder, oil blend 
(sunflower/canola in 50:50), emulsifier, maltodextrin, soy isolate, modified starch, 
polydextrose, non-starch polysaccharides and mineral salts.  
Gelatin Type A (batch no. 058K0109) was procured from Sigma Aldrich (MO, USA). 
This type of gelatin was extracted from porcine skin in acidic condition. It possessed a Bloom 
value of 310 with an isoelectric point of about 8.0. The material had a light yellow colour. 
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2.1.2 Chemicals and enzymes 
Details of the chemicals including enzymes used in this study are presented in Table 
2.1. Milli-Q water was used for the preparation of chemical solutions as well as for all of the 
other procedures applied in this project, such as the making of standard solutions and mobile 
phases for liquid chromatography. 
Table 2.1 Details of enzymes and chemicals utilized in the study.                    
 
 
Chemicals Formula 
Purity 
(%) 
Product 
code 
Batch 
number 
Supplier/ 
Manufactured in 
-Amylase, heat-stable - 100 A3306 SLBJ0135V Sigma Aldrich/ 
(USA) 
Amyloglucosidase from 
Aspergillus niger 
 
alcalase protease from 
Bacillus licheniformis 
 
- 100 A7095 SLBK7867V Sigma Aldrich/ 
(Denmark) 
- 100 P4860 SLBG8387V Sigma Aldrich/ 
(Denmark) 
Avenanthramide A C16H13NO5 ≥98.0 30366 BCBM1603V Sigma Aldrich/ 
(Switzerland) 
Avenanthramide B C17H15NO6 ≥98.0 93105 BCBM1604V Sigma Aldrich/ 
(Switzerland) 
Avenanthramide C C16H13NO6 ≥98.0 36465 BCBM1605V Sigma Aldrich/ 
(Switzerland) 
trans-p-Coumaric acid C9H8O3 ≥98.0 55823 BCBF5529V Sigma Aldrich/ 
(USA) 
Caffeic acid C9H8O4 ≥99.0 60018 BCBH3192V Sigma Aldrich/ 
(Japan) 
trans-Ferulic acid C10H10O4 ≥98.0 52229 BCBK2442V Sigma Aldrich/ 
(Switzerland) 
Heptadecanoic acid  C17H34O2 ≥98.0 H3500 MKBR1532V Sigma Aldrich/ 
(Japan) 
Oleic acid  C18H34O2 ≥99.0 75090 BCBH8199V Sigma Aldrich/ 
(India) 
 57 
 
Table 2.1 Details of enzymes and chemicals utilized in the study (cont.). 
 
Chemicals Formula 
Purity 
(%) 
Product 
code 
Batch 
number 
Supplier/ 
Manufactured in 
Gallic acid C7H6O5 ≥99.0 91215 BCBK243V Sigma Aldrich/ 
(Switzerland) 
Palmitic acid C16H32O2 ≥99.0 76119 BCBK6879V 
Sigma Aldrich/ 
(Switzerland) 
Linolenic acid 
 
C18H30O2 ≥98.5 62160 BCBH6696V Sigma Aldrich/ 
(USA) 
Hexanal C6H12O 98.0 115606 MKBX0798V Sigma Aldrich/ 
(USA) 
1-Pentanol C5H12O 98.0 77597 BCBL8299V Sigma Aldrich/ 
(Switzerland) 
2-Pentylfuran C9H14O ≥99.0 W331708 MKBQ5413V Sigma Aldrich/ 
(China) 
2-Ethylfuran C6H8O ≥99.0 W367303 MKBJ7185V Sigma Aldrich/ 
(UK) 
1-hexanol C6H14O ≥99.0 73117 BCBQ2448V Sigma Aldrich/ 
(Switzerland) 
2-Methoxy-4-vinylphenol 
for synthesis 
 
C₉H₁₀O₂ 100 
 
8.43803.00
25 
S7136003545 Merck KGaA/ 
(UK) 
Folin-Ciocalteu‘s phenol 
reagent, 2N 
- 100 F9252 33496KK Sigma Aldrich/ 
(USA) 
 
Di-Sodium hydrogen 
phosphate dodecahydrate 
Na2HPO4 ≥99.0 
 
1.06579 A0253079 Merck KGaA/ 
(Germany) 
 
Sodium hydrogen 
phosphate monohydrate 
NaH2PO4 ≥99.0 1.06346 A0325146 Merck KGaA/ 
(Germany) 
 
Sodium Carbonate CNa2O3 ≥99.0 S7795 060M0055 SigmaAldrich/ 
(Japan)  
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Table 2.1 Details of enzymes and chemicals utilized in the study (cont.). 
 
 
 
 
Chemicals Formula 
Purity 
(%) 
Product 
code 
Batch 
number 
Supplier/ 
Manufactured in 
Calcium chloride  CaCl2 ≥97.0 C1016 091M0123V Sigma Aldrich/ 
(Mexico) 
Sodium Hydroxide NaOH ≥97.0 SA178 282980 Chem supply/ 
(Australia) 
Sulfuric acid H2SO4 99.9 339741 S103005 Sigma-Aldrich, 
Australia 
Hydrochloric acid HCL 37.0 H1758 SHBG4416V Sigma Aldrich/ 
(Germany) 
Acetone C3H6O 99.8 AA008 283224 Chem supply/ 
(Australia) 
Acetic acid glacial  C2H4O2 100 A/0406/PB15 1539016 Fisher chemical/ 
(UK) 
Formic acid CH2O2 100 33015 SZBE1350V 
Sigma Aldrich/ 
(Germany) 
Ethyl Acetate  C4H8O2 99.8 270989 SZBF0891V Sigma Aldrich/ 
(France) 
Dioxane C4H8O2 99.8 1165 1008254 Ajax Finechem/ 
(New Zealand) 
n-Hexane  C6H14 95- 99.5 PC 1083 15030400 ACILabscan/ 
(Thailand) 
Acetonitrile   C2H3N ≥99.9 
 
34851 WXBC0657V Sigma Aldrich/ 
(USA) 
Methanol CH4O ≥99.9 34860 STBF5152V Sigma Aldrich/ 
(France) 
Ethanol C2H6O 99.5 EA043 283106 Chem- Supply/ 
(Australia) 
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2.2 Methods 
2.2.1 Chromatographic analysis 
Chromatography is a method in which mixtures are separated by the allocation of their 
components into two different phases; usually termed the mobile phase and the stationary 
phase (Daniel, 2010). Basic theory of chromatography indicates that the stationary phase 
remains still while the moving phase (i.e. mobile phase) carries the components of a mixture, 
while flowing through the stationary phase. Different components move at distinct rates and 
interact with the stationary phase differently and thus separate from each other (Inamuddin, 
2013). This can be summarised via the following equation: 
 
     k = Cm/Cs                                                                                       Equation (2.1) 
 
In equation 2.1, k refers to the partition coefficient. Cm and Cs correspond to the saturation of 
analyte within the mobile and stationary phase, respectively. 
The two primary chromatographic techniques are high performance liquid 
chromatography (HPLC) and gas chromatography (GC). There are also other forms of 
chromatography (e.g. ion exchange chromatography, supercritical fluid chromatography and 
thin layer chromatography) but they all work on the same basic principles described above. In 
the research described in this thesis gas and liquid chromatography were used to characterise 
the evolution of micro-constituents, such as phenolic acids and volatiles, in dietary fibre-
enriched liquid systems. 
2.2.1.1 Gas chromatography and mass spectrometry (GC-MS) 
In gas chromatography (GC), the sample components are carried through columns 
(either packed or hollow capillary) by a gaseous mobile phase. The columns contain a liquid 
stationary phase material. When a sample solution is injected into the machine, it is first 
vaporised in the hot (usually ~220-280 °C) injection port. An inert carrier gas then carriers 
the sample through a heated column. The carrier gas is the mobile phase in GC and is usually 
helium although hydrogen is an increasingly popular alternative. The components of the 
mixture are kept in the gaseous phase and separated on the column due to interactions of 
differing intensity with the stationary phase lining the GC column. A detector then analyses 
the components as they leave the column revealing the number of components in the sample 
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and their quantity (Karasek and Clement, 2012). Standards of known concentration are 
usually injected into the GC with or before the sample to check instrument performance and/ 
or to create a calibration curve. Such curve can be utilised to calculate the concentrations of 
compounds in a sample.  
Mass spectrometry (MS) is a common detection method used in GC analysis. 
Determination of sample composition using MS depends on the separation of gaseous 
charged ions based on the proportion of their mass and charge, indicated as m/z. The process 
involves ionization of the sample molecules in an ion source (usually by bombarding it with 
electrons). The ions are then accelerated by an electric field into a mass analyser. The ions 
can undergo fragmentation during the ionization process or due to impact with the collision 
gas within the MS system. A vacuum of pressure range of 10
-4
-10
-8
 Torr is maintained in the 
instrument where the ion beam passes to prevent unwanted collisions with air molecules 
(Premierbiosoft, 2013). The segregated ions are then recognised by a device suitable of 
analysing charged particles, such as an electron multiplier, and the resultant signal is recorded 
as a mass spectrum (Figure 2.1). 
The food industry commonly applies a combination of gas chromatography and mass 
spectrometry technique to study volatile compounds (Dettmer et al., 2013). This study 
utilised an Agilent 6890/5973 GC/MS as shown in Figure 2.2. The instrument is fitted with 
an Agilent DB-5 non polar column for the separation with following specifications: 0.25 mm 
for column‘s internal diameter, 30 m for column‘s length, and 0.25 μm for film thickness. 
Further, it has a comprehensive database of various spectra (more than 100 thousand) and has 
high sensitivity (Li & Fingas, 2003).  
 
 
Figure 2.1 Essential components of a mass spectrometer (Premierbiosoft, 2013). 
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Figure 2.2 GC-MS instrument at the RMIT University. 
2.2.1.2 Comprehensive two-dimensional gas chromatography (GC×GC) 
Comprehensive gas chromatography employs two GC columns of differing retention 
mechanisms (usually polar, and non-polar). These columns are connected in series through a 
modulator. Emissions from the first column are trapped by the modulator for a fixed period of 
time before being injected into the second column; this fixed period is known as the 
modulation time. Modulators constitute important features in comprehensive gas 
chromatography and come in various formats, the main two being: valve-based and thermal 
modulators. Thermal modulators are further subdivided into heater-based and cryogenic 
modulators (Dettmer et al., 2013).  
      The chromatograms obtained after repeated trapping and the release of effluent into the 
second GC column are rendered in two-dimensional form using special software. The 
resultant two-dimensional chromatogram has retention time of peaks in each column plotted 
on the x and y-axes and from these, estimates of the boiling points and polarity of the 
individual compounds can be estimated (Dettmer et al., 2013). 
           GC×GC enables peaks to be separated using differences in polarity (Horvath, 2013). 
This makes the technology useful for separating out peaks with similar boiling points that 
would be difficult to adequately separate using one-dimensional chromatography as shown in 
Figure 2.3. Comprehensive gas chromatography also develops image patterns that can also be 
correlated with the compound structure. The use of two columns also increases the available 
separation space and so GC×GC technology is also a useful tool for analysis of complex 
matrices such as natural products or plant materials that are difficult to analyse using 
conventional methods such as GC or GC-MS due to the number of peak in the samples. 
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Figure 2.3 Correlation of boiling points with locations in GC×GC chromatogram (Dravnieks 
& O‘Donnell, 1971). 
The GC×GC system in this research utilised the Agilent 6890 unit fitted with a 
modulator (Figure 2.4). The two columns used were a DB-1MS (10 m X 100 µm, 0.1 µm 
film) and the SLB-IL100 (4 m X 250 µm, 0.2 µm film).  
 
Figure 2.4 GC×GC instrument at the RMIT University. 
2.2.1.3 High performance liquid chromatography (HPLC) 
HPLC has been applied in the food industry for many years for its sensitivity and 
effectiveness. In contrast to GC, a mobile phase, which is in liquid form, is employed to 
move the sample‘s substances through a column in HPLC based separations. The column, i.e. 
stationary phase, is generally filled with a solid adsorbent material. This means that 
separation of the components in a mixture analysed by HPLC relies on both the solubility of 
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the compounds in the mobile phase(s) used as well as their interactions with the stationary 
phase which is generally composed of specific functional groups chemically bonded to silica 
beads (Meyer, 2013; Horváth, 2013).  
HPLC may be operated in isocratic mode or gradient mode. In the former, the mobile 
phase‘s composition remains unchanged throughout the experiment. The latter uses pumps to 
alter the mobile phase‘s composition during an analytical run (Meyer, 2013). HPLC mobile 
phases themselves generally consist of mixtures of various aqueous and organic solvents and 
may also contain buffers and other chemical modifiers. The most prevalent type of HPLC is 
the reverse phase type in which the mobile phase has higher polarity than the stationary 
counterpart. On the other hand, normal phase HPLC, which is used less commonly, operates 
with a mobile phase that has a lower polarity compared to the stationary phase. In either case, 
the retention and selectivity of the system may be altered by changing the composition of 
mobile phase, the chemistry of the stationary phase, or the system‘s temperature. 
 
2.2.1.3.1 HPLC with fluorescence detection (FLD) 
Due to their high specificity and selectivity fluorescence spectrometers are often used 
as detectors on HPLC system (Johansson, 2009). In such system, a flow cell is added to the 
end of the HPLC column. In the cell, compounds exiting the column are exposed to light of a 
definite wavelength from a high energy source (e.g. a Xenon lamp, Johansson, 2009). The 
electrons of molecules in this sample are excited; causing them to emit light, the intensity of 
which is measured and quantified using the Fluorescence detector (FLD), usually set at a 
perpendicular angle to the light source. The intensity of fluorescence of any component 
depends on excitation and emission wavelengths. This allows selectivity whereby some 
elements are selected, with the emission of others being suppressed (MacMurrough, et al., 
1996).  
FLDs have advantages over the commonly used UV detectors in that they measure a 
direct signal as opposed to small differences in light intensities (MacMurrough, et al., 1996). 
Figure 2.5 display a Shimadzu LC-6A HPLC system fitted with a Hitachi F1050 fluorescence 
detector employed in this study to detect 4-vinyl guaiacol. 
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Figure 2.5 HPLC system with fluorescence detection at the RMIT University. 
2.2.1.3.2 HPLC with diode array detection (DAD) 
Diode array detection is an alternative method for HPLC analysis. It is based on UV 
detection (in which a beam of UV light passes through a certain width of liquid to be 
analysed and the detector measures the absorbance of the sample and uses it to calculate 
concentration); however, DAD detectors allow multiple wavelength of light to be monitored 
at once (Medvedovici & David, 2008) and this has two advantages. Firstly it allows for the 
optimum wavelengths to be selected for a specific analysis and the secondly absorbance 
ratioing provides a powerful screen to decide if a peak represents a single compound or if it is 
a composite peak representing multiple co-eluting compounds. This is because the 
absorbance ratio of a pure peak will display a square wave function whereas that of a 
composite peak will not (Meyer, 2013). In this study an Agilent 1100 series HPLC-DAD 
chromatograph fitted with a diode array detector and a column that is a reverse phase non 
polar type (ZORBAX Eclipse with size of 4.6 x 150 µm). The column is also a XDB type 
(extra dense bonding) and is employed to detect the phenolic compounds in dietary fibre 
(Figure 2.6). 
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              Figure 2.6 HPLC system with DAD detection at the RMIT University. 
2.2.2 Rheological analysis 
      According to Rao (2007), rheology is termed as the analysis of flow of matter and 
changes in matter‘s form when subjected to forces. The determination of rheological 
properties can be implemented in a range of materials including fluids, dilute solutions of 
polymers and surfactants, all the way to saturated protein preparations and semi-solids such 
as pastes and creams. Most of the types of materials used in this study are known to display 
intricate rheological properties. The viscosity and viscoelasticity of such formulations depend 
on the external conditions such as temperature, stress, and timescale of the test. Internal 
factors such as saturation and stability of proteins and other large biomolecules also 
contribute to the determination of rheological properties (Sameer et al., 2015). 
Rheology is essential in many scientific fields, and is very important in food science 
since the mouth-feel and textural properties of foods (both very important for consumer 
acceptance) are mostly rheological in nature. Rheological characteristics also determine the 
appearance and stability of foods such as emulsions, spreads, pastes and creams (Hasenhuettl 
& Hartel, 2008). The rheology of food also determines many important manufacturing 
properties such as the flow rate through pipes, the packaging method to be used and the ease 
of packaging of final product. The rheological properties of food therefore have great 
importance to the consumer and to the manufacturing processes applied to create it. In the 
modern food manufacturing industry, measurements of food rheology are carried out to meet 
objectives such as the determinations of: 
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i. the acceptability of food products by the consumers (as consumer acceptability of 
food is often affected by the texture). 
ii. the design of food processing required for the individual product(s). 
iii. a food product‘s shelf life. 
iv. a Food products stability over time. 
Quantitative determination of the rheological properties of a material can be categorised 
into two types: large deformation and small deformation in shear. The former is applied in the 
analysis of fluids‘ behavior. Uni-directional shear is applied to the sample(s) in the large 
deformation test and, therefore, such test might be destructive to the sample (Malkin, 2006). 
Food materials that are subjected to large deformation test display rheological behaviours, 
such as Newtonian, shear-thickening, shear-thinning, and time-dependent behaviour, as 
shown in Figure 2.7.  
In Newtonian fluids, shear stress demonstrates a linear relationship with the shear rate. 
Further, such systems have a constant viscosity. In contrast, viscosity values of non-
Newtonian fluids change depending on the proportion of shear stress to shear rate. Examples 
of Newtonian fluids are water, filtered juices, milk, edible oils, and syrups. Positive trend 
between shear stress and shear rate is also demonstrated by shear-thinning and shear-
thickening foods, but the trend is not linear. Shear thinning is typically observed in 
concentrated juices and salad dressings, whereas the latter includes starch dispersions that are 
partially gelatinized (Rao, 2007).  
Some food materials such as ketchup, mayonnaise and mustard, possess a threshold of 
stress (yield stress) that needs to be surpassed in order for the materials to flow. Such 
materials are referred as Bingham plastic (Shaw, 2012). Thixotropic and anti-thixotropic are 
two classes of time-dependent behavior.  
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Figure 2.7 Classification of different food materials‘ behaviour: shear thinning, Herschel-
Bulkley (H-B), Newtonian, Bingham, and shear thickening (Rao, 2007). 
Large deformation in shear provides information regarding the viscosity of a material. 
However, such information is not sufficient to describe the complete behavior of a material; 
thus, elastic characteristic should be taken into consideration (Steffe, 1996). Information 
regarding the elastic and viscous characteristic of a material can be obtained from small 
deformation in shear test. Such test is non-destructive in nature because the applied strains or 
stress are small (Gunasekaran & Ak, 2000). 
Viscous and elastic properties, such as complex modulus (G*), can be determined from 
dynamic oscillation tests.  G* corresponds to the sample‘s overall stiffness and is defined as 
follows: 
                G*= (G′2+ G″2)1/2                                                                 Equation (2.2) 
G* comprises of two parameters, i.e. G′ and G″, which are also known as elastic and 
viscous modulus, respectively. The former represents the strength of the network, while the 
latter corresponds to the liquid-like attributes. Furthermore, the extent of a sample‘s 
viscoelasticity can be quantified with tan δ. The parameter is a function of frequency and can 
be defined as the ratio of G″ to G′. If tan δ produces a high number, it indicates a dominant 
liquid–like character in sample. On the other hand, if it is low, the solid–like behaviour 
governs the sample‘s mechanical behavior (Rao, 2007).      
Miri (2011) stated that the linear viscoelastic region (LVR) of any material must be 
established prior to conducting any dynamic oscillation test. In this region, the properties of a 
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sample are not reliant on the magnitude of stress or strain as well as the rate of application of 
the strain. Therefore, time is the only factor influencing the rheological properties of sample 
in LVR region. After the establishment of LVR region, dynamic tests can be conducted to 
get valuable information regarding the properties of viscoelastic food, e.g. gelation and 
melting (Rao, 2007). The following are types of dynamic tests commonly used for 
viscoelasticity assessment: 
(1) Temperature sweep 
This test records G′ and G″ with changing temperature.  The frequency is kept at a 
fixed value. This test is essential in studying the gel formation of proteins and starch 
gelatinisation. 
(2) Time Sweep 
In this test, determination of storage and loss moduli is performed at a fixed value of 
temperature and frequency. This test is also known as the gel cure study and is suitable 
for probing the network development of gels.  
(3) Frequency Sweep 
Frequency is the time required to complete one oscillation. Both storage and loss 
moduli are measured with increasing frequency at a fixed temperature. Data generated 
from this test can be used to classify a material as either ―true gel‖ or ―weak gel‖.  The 
former shows higher G′ value than G″ across the entire frequency range. Further, 
variation in frequency has little effect on both moduli (Clark & Ross-Murphy, 1987). 
However, for weak gels, the two moduli demonstrate higher dependency on frequency. 
(4) Strain Sweep 
The strain sweep test is responsible for the determination of the LVR region of sample. 
Factors such as temperature, frequency, sample age and composition have been shown 
to influence the LVR region, thus, the strain sweep test should be conducted at the 
extremes of experimental parameters (Ak & Gunasekaran, 1996; Hemur & Horne, 
2000; Subramanian & Gunasekaran, 1997). 
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Figure 2.8 ARG-2 Rheometer at the RMIT University. 
A rheometer is used to conduct rheological measurements ranging from steady shear to 
oscillation tests. High-performance rheometers possess the cability to measure a wider range 
of shear conditions that are far greater than those that can be achieved by viscometers. 
Advanced rheometers can perform techniques such as viscosity profiling, zero shear 
measurements, and yield stress testing (Myers & John, 2006). An Advanced Generation 2 
(ARG-2) rheometer (TA instruments, New Castle, Delaware, USA) is a rheometer with 
magnetic thrust bearing technology for ultra-low torque control (Figure 2.8). Controlled 
stress, direct strain and controlled rate are some capabilities offered by this sophisticated 
instrument. ARG-2 is also fitted with a peltier plate that allows measurement from -20 to 
600°C. Additional feature include Smart Swap™ Geometries that recognise and store 
geometry details automatically (TA Instruments, n.d.). 
2.2.3 Differential scanning calorimetry (DSC) 
Calorimetry is a fundamental approach employed to assess the thermal features of food 
such as crystallization, denaturation, gelation, gelatinization and oxidation (Parlouër & 
Benoist, 2009). The technique is able to generate correlation between the physical attributes 
of said sample(s) and temperature (Hohne, Hemminger, & Flammersheim, 1996). Besides 
food, such technique is employed in other areas, such as biochemistry, biotechnology, 
chemistry, biology, and pharmacology (Gill, Moghadam & Ranjbar, 2010). 
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The most common form of calorimetry, i.e. differential scanning calorimetry (DSC), is 
designed to measure a sample‘s heat capacity in response to change in temperature compared 
to that of the reference. Both reference and sample are maintained under identical conditions 
at the same time. Further, the rate of heating or cooling can be easily controlled in this design. 
The disparity in the heat flow between reference and sample indicates the excess heat that is 
absorbed or liberated by the sample during a given thermal transition (Giri & Pal, 2014). 
In the thermogram, the process of heat absorption (endothermic) or heat release 
(exothermic) is displayed as peaks, with the area of the peaks being directly proportional to 
the change in heat flow. Examples of endothermic reactions include denaturation of protein, 
melting of lipid, denaturation of enzyme, melting of gelatin, glass transition and the 
gelatinisation of starch. In contrast, gelation, crystallization, oxidation, starch‘s retrogadation, 
protein‘s aggregation and yeast fermentation are examples of exothermic process (Fakis and 
Mohácsi-Farkas, 1996; Gill, Moghadam, and Ranjbar, 2010; Parlouër & Benoist, 2009).  
DSC instruments can be classified into two classes according to their operating 
principles: heat flux and power-compensated DSCs (Haines, Reading & Wilburn, 1998). The 
former comprises of sample and reference (empty) pans located on a thermoelectric disk 
surrounded by a heating block. The heating block transfers heat to the pans through the 
thermoelectric disk (Danley, 2002; Haines, Reading & Wilburn, 1998). This principle is 
employed in most calorimeters for food analysis. In contrast, the power-compensated DSC 
consists of reference and sample pans that are located on separate heating blocks (Haines, 
Reading & Wilburn, 1998; Zucca et al., 2002). 
Micro-calorimetry, which utilises the heat flux principle, is an ideal technique to 
examine the transformations of diluted solutions or bulk materials with high sensitivity. By 
comparison, standard DSCs have limited sensitivity, small sample size and no probability of 
interaction or mixing (Parlouër & Benoist, 2009). Figure 2.9 illustrates the typical design of 
micro DSC system where the calorimetric block is composed of a gold-plated metal cylinder 
possessing high thermal conductivity (Setaram, 2001a). 
The study employs a micro DSC VII, which is manufactured by Setaram, to investigate 
the thermal transitions in liquid and solids systems, as shown in Figure 2.9. The instrument is 
equipped with a single calorimetric chamber possessing two cylindrical hollows for the 
experimental vessels. The reference vessel has an inert material (e.g. water) to compensate 
the thermal impact associated with sample‘s heating up, whereas the measurement vessel 
takes the liquid or solid sample to be examined. A standard batch vessel is used for both 
experimental vessels since it is suitable for investigating solid or liquid food in closed system. 
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Such vessel is constructed particularly for examining phase transitions, denaturation and 
gelation (Setaram, 2001b). 
 
Figure 2.9. Schematic of micro-DSC (left; Setaram, 2001a) and Setaram Micro DSC VII at 
the RMIT University (right). 
2.2.4 Scanning electron microscopy (SEM) 
Electron microscopy is utilised to provide details regarding the size, shape and surface 
topology of a food material. Scanning electron microscopy (SEM) is a prominent choice 
among researchers since it can evaluate minuscule samples (nm to cm). By comparison, a 
conventional optical microscopy only capable of probing samples with size greater than 0.2 
µm (Rouèche et al., 2006; Shu et al., 2006). SEM equipment generally has a spacious 
chamber and as such allows analysis of larger samples compared to transmission electron 
microscope. Utilisation of rotary, slanting and translational movements in SEM generates 
plenty points of observation (Zhang et al., 2010). 
An SEM image is generated by bombarding the specimen‘s surface with streams of 
electron with high energy. This process induces interactions between electron and specimen‘s 
atom which in turn creates signals. The signals relate to structural features, chemical 
proportion and crystallography characteristics of a specimen. Secondary electrons and 
backscattered electrons (BSE) are examples of common signals generated by an SEM (Wang 
& Petrova, 2012). Secondary electrons typically possess very low energy (<50eV) and 
provide the best resolution. This type of signal is suitable for generating information about 
the topology of a sample; hence, it is the most widely employed signal in SEM. On the other 
hand, backscattered electrons have high energy, generally greater than 50eV. Such high 
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energy reduces the resolution of BSE images. Therefore, BSE is mainly used to provide 
information in relation to sample composition (Kimseng and Meissel, 2001).  
An SEM typically consists of electron column, specimen stage, signal detectors and 
signal processing unit. The electron column contains an electron gun, apertures, lenses, coils, 
and a detector. The gun produces an electron beam with high energy, i.e. 0.1-30 keV, and 
large spot size. Such size affects the sharpness of the image and, thus, lenses are utilised to 
demagnify it (Goldstein et al., 2003). Reduction in spot size is attained through a 
combination of lens demagnification and aperture size. Coils, located in the objective lens, 
are used for beam scanning. The movement of electron beam over the sample surface is 
controlled by the coils (Wang & Petrova, 2012). The detector collects and transforms the 
various signals into point-by-point intensity alterations an image and as such generating an 
image on the monitor (Goldstein et al., 2003). 
Conventional SEM requires a high-vacuum environment to avoid contamination of the 
electron source and scattering on the electron beam. The aforementioned condition means 
that samples with volatile components are not allowed in the vacuum chamber. Therefore, 
most of biological samples like food systems, emulsions and foams require additional 
preparation, e.g. freeze drying, critical point drying and chemical fixing, prior to placing them 
in the vacuum chamber (Wang & Petrova, 2012; Zhou et al., 2006). Recent development in 
SEM allows analysis of volatile samples without exposing them to high vacuum condition, 
thus, eliminating the sample preparation. Such technique is known as variable-pressure or 
environmental SEM (ESEM) (Kimseng and Meissel, 2001). 
 This study employed a conventional SEM, i.e. Philips XL30 SEM (Figure 2.10), which 
possesses secondary electron and backscattered electron detectors. It is also fitted with 
Energy Dispersive X-Ray detector (Oxford X-MaxN 20 EDXS Detector).  
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Figure 2.10 Philips XL30 SEM at the RMIT Microscopy and Microanalysis Facility 
(RMMF). 
2.2.5 Particle size analysis  
Particle size influences the properties of a vast range of materials, such as coffee 
powders, washing powder and drugs (Bowen, 2002). Stability in suspensions, texture, 
viscosity, packing density, porosity, dissolution rate and flowability are examples of 
material‘s properties that are dependent of particle size. Analysis of particle size typically 
employs a laser diffraction technique which is appropriate for materials in the nanometres to 
millimetres size range. The basis of this technique is the calculation of angular difference in 
deflected light intensity. Scattering of light occurs when a laser beam traverse a particle, with 
the size of the diffraction angle and particle size are in inverse proportion (Malvern 
Instruments Limited, 2012).  
Determination of particle size distribution in laser diffraction technique generally 
employs the Mie theoretical model, which assumes the particle is in spherical shape. 
Knowledge regarding the refractive index (RI) of the particles and dispersion medium is 
imperative in this model and as such can limit its application in particle size analysis. 
Fraunhofer theory is another approach for particle size measurement, where it does not 
require the information regarding the optical properties of the material and allows 
measurement for non-spherical materials. However, such theory is not suitable for transparent 
particles. Similarly, anomalous theory does not need the details about the RI of the materials. 
Such theory also assumes all particles are sphere and transparent, thus, is not appropriate for 
opaque particles (Merkus, 2009). Laser diffraction technique can be utilised to analyse either 
wet or dry samples. The former requires an aqueous solvent to disperse the particles, 
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followed by addition of surface active agents to prevent particles‘ recombination. The latter 
uses air pressure to transfer the sample into the measurement area (Kippax, 2009). 
The study uses a particle size analyser developed by Malvern, i.e. Mastersizer X 
(Figure 2.11), which can analyse materials such as powders, emulsions, suspensions, aerosols 
and sprays. It has the capability to measure particles ranging from 0.1 to 600 µm. It also 
provides rapid measurements and does not require calibration. Three types of lenses are 
installed in this instrument, i.e. 45, 100, and 300 mm focal length (Malvern Instruments 
Limited, 1997).  
 
 
 
Figure 2.11 Malvern Mastersizer X at RMIT University. 
2.2.6 Sensory evaluation  
Sensory evaluation consists of methods utilised to measure human responses to foods 
and to interpret those responses through the senses of smell, sight, taste, and touch (Stone & 
Sidel 2004). The sensory evaluation can be classified into three classes based on their 
primary purpose, i.e. discrimination, descriptive, and affective testing. Discrimination test 
aims to examine whether there is a perceivable difference between two groups of products. 
Examples of this test are triangle, duo-trio, and paired comparison procedures. This type of 
test is generally conducted with 25-40 panellists and uses either untrained or trained assessors 
(Lawless & Heymann, 2010).   
Descriptive test generates the sensory description of products as well as quantifies the 
sensory variation between products. Such test requires highly trained panellists. This test 
provides valuable information in relation to the influence of product‘s chemical and physical 
components on sensory characteristics. It is the most comprehensive and informative tool for 
sensory assessment. Examples of this test are consensus profiling, Texture Profiling
®
, 
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Flavour Profiling
®
, Quantitative Descriptive Analysis
®, and Spectrum™ method (Kemp, 
Hollowod & Hort, 2009). 
Affecting testing, also known as hedonic test, assess the degree of acceptability of a 
product. Such test typically employs a hedonic scale to quantify the magnitude of liking or 
disliking. This scale has odd numbers, normally from categories of five-to-nine, which range 
from ‗dislike extremely‘ to ‗like extremely.‘ Neutral midpoint which does not indicate either 
like or dislike is also included. Hedonic test is often conducted with around 75-150 untrained 
assessors who frequently use the product. This is necessary to ensure that the results are 
applicable to the population of interest. In contrast, analytical tests (descriptive and 
discrimination) engages panellists with acceptable sensory acuity for the essential attributes 
(e.g. texture, smell, and taste) of products to be examined (Lawless & Heymann, 2010).   
2.2.7 Spectrophotometric analysis 
Spectroscopy is a method that studies interaction between molecules and 
electromagnetic radiation (EMR). It is a versatile tool in analysing the atomic or molecular 
structure of matter (Behera, Ghanty, Ahmed, Santra, & Banerjee, 2012). It is also a non-
destructive measurement and needs small sample size for analysis. UV-Visible 
spectrophotometry is widely applied in food and pharmaceutical analysis. The technique 
measures the absorbance of ultraviolet or visible radiation by a solute. The absorbance 
correlates linearly to the concentrations of the solute, hence, is it suitable for quantitative 
analysis (Schmid, 2001). 
A UV-Visible spectrophotometer composes of a deuterium lamp and a tungsten-
halogen lamp as light sources. The former exudes light in the UV zone (150-400 nm), 
whereas the latter emits light in the visible zone (400-800 nm). In this technique, the EMR is 
first passed through optical filters and then through the samples. Then, the photomultiplier or 
a photodiode records the amount of EMR that traverses the sample. Continuous alteration in 
the incident‘s light wavelength produces the sample‘s spectrum (Schmid, 2001). 
In this study a UV-VIS Spectrophotometer Lambda 35 made by Perkin Elmer was 
used, as shown in Figure 2.12. It is a double beam instrument with an operating wavelength 
between 190 and 1100 nm and a bandwidth of 0.5-4 nm. The instrument is fitted with two 
photodiodes as the detector.  
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Figure 2.12 UV-VIS Lambda 35 (Perkin Elmer) at the RMIT University. 
2.2.8 Ultra high temperature (UHT) 
An indirect UHT system manufactured by Hipex (Melbourne, Australia) is used to 
prepare UHT samples enriched with dietary fibre, as seen in Figure (2.13). The system is 
connected to a laminar flow where the UHT-treated samples are packed aseptically into 
sterile containers, thus, allowing the samples to possess shelf life of 6-9 months at non-
refrigerated environment. The UHT system uses a tubular heat exchanger and is capable of 
heating a food sample up to 150 °C with various holding time that ranges from 3 to 28 s.  
In addition, it is equipped with a homogeniser which has a maximum pressure of 400 
bar and is fitted with two-stage homogenisation valve. This UHT unit is capable of 
conducting homogenisation either before or after UHT processing. Further, the maximum 
flow rate of this unit is 120 L/hr. 
 
 
Figure 2.13 UHT unit at the RMIT University. 
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Details of the major analytical instruments and equipment employed in this research are 
given in Table 2.2. 
Table 2.2 List of primary instruments and equipment. 
 
 
Equipment/Instrument    Model Supplier 
UHT unit Hipex 2015 Hipex/ (Melbourne, VIC, 
Australia) 
Rheometer ARG-2 TA Instruments/ (New 
Castle, Delaware, USA) 
Micro differential scanning 
calorimeter 
Micro-DSC-III calorimeter SETARAM/ (Caluire, 
France) 
Scanning electron microscope  Philips XL30 SEM FEI Company, Philips/ 
(Sussex, England) 
SPI Gold Sputter Coater  SPI-MODULD
TM
 Sputter coater IMBROS Pty. Ltd/ 
(Hobart, Australia) 
Particle size analyser Mastersizer X Malvern Instruments Ltd/ 
(Malvern, UK) 
UV/Visible Spectrophotometer Lambda 35 Perkin-Elmer/  
(Singapore) 
Chromameter CR-400B Konica Minolta Camera/ 
Co.Ltd (Tokyo, Japan) 
Freeze dryer Operon at -55 °C Operon Limited/ 
(South Korea) 
Analytical balance Metter AE2000 Metter Instrument AG/ 
(Greifensee-Zurich, 
Switzerland) 
Moisture analyser Ohaus MB45 Ohaus Europe GmbH/ 
(Nänikon, Switzerland) 
Rotary evaporator R-200 BÜCHI/(LabortechnikAG. 
Switzerland) 
pH meter  LabChem-pH TPS/ (Melbourne, VIC, 
Australia) 
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Table 2.2 List of primary instruments and equipment (cont.). 
 
 
 
 
 
 
Equipment/Instrument   Model Supplier 
Centrifuge Allegra
TM
 64 BECKMAN 
COULTER
TM
/(Melbourne, 
VIC, Australia) 
Freeze drier  FDB 5503  
Operon/ (Gimpo City, 
South Korea) 
Refrigerator  Kelvinator  (Melbourne, VIC, 
Australia) 
Incubator  Qualtex Solidstate  Watson Victor, Ltd/ 
(Australia & New 
Zealand) 
HPLC chromatograph with a diode 
array detector  (DAD) 
HP 1100 Agilent technologies 
(Mulgrave, VIC, 
Australia)/ (Germany) 
Gas chromatography (GC×GC) HP 6890 
 
Agilent technologies 
(Mulgrave, VIC, 
Australia)/ (USA) 
Gas chromatography-mass 
spectrometer (GC-MS) 
HP 6890/5973 series Agilent technologies  
(Mulgrave, VIC, 
Australia)/ (USA) 
HPLC  chromatograph with 
fluorescence  detection (FID) 
Hitachi F1050 fluorescence 
spectrometer 
Shimadzu LC-6A liquid 
chromatograph/ 
(Rydalmere, NSW, 
Australia) 
HPLC Columns ZORBAX Eclipse XDB-C18 
(Analytical 4.6 x150mm 5um) 
Or Polaris-C18  (Analytical 4.6 
x150mm 5um) 
Agilent technologies 
(Mulgrave, VIC, 
Australia)/ (USA) 
 79 
 
2.3 References 
Bowen, P. (2002). Particle size distribution measurement from millimetres to nanometers and 
from rods to platelets. Journal of Dispersion Science and Technology, 23, 632-662. 
Clark, A. H. & Ross-Murphy, S. B. (1987). Structural and mechanical properties of biopoly. 
gels. Advance. Polymer Science, 83, 57-192. 
Daniel, M. (2010). Medicinal plants: chemistry, chromatography and properties. Enfield, 
NH: Science publishers. 
Danley, R.L. (2002). New heat flux DSC measurement technique. Thermochim Acta, 395, 
201–208. 
Dettmer, K., Almstetter, M. F., Wachsmuth, C. J., & Oefner, P. J. (2013). Comprehensive 
two-dimensional gas chromatography for metabolomics. In W. Weckwerth & G. 
Khal. (Eds.), The handbook of plant metabolomics (77-91). Hoboken, NJ: Wiley. 
Dravnieks, A., & O‘Donnell, A. (1971). Principles and some techniques of high-resolution 
headspace analysis. Journal of Agricultural and Food Chemistry. 19(6):1049-1056 
Fakis, J., & Mohácsi-Farkas, C. (1996). Application of differential scanning calorimetry in 
food research and food quality assurance. Journal of Thermal Analysis. 47, 1787-
1803. 
Gill, P., Moghadam, T. T., & Ranjbar, B. (2010). Differential Scanning Calorimetry 
Techniques: Applications in Biology and nanoscience. Journal of Biomolecular 
Techniques, 21,167-193. 
Giri, P. & Pal, C. (2014). An overview on the thermodynamic techniques used in food 
chemistry. Modern Chemistry and Applications, 2,142.  
Goldstein, J.I., Newbury, D.E., Echlin, P., Joy, D.C., Lyman, C.E., Lifshin, E., Sawyer, L & 
Michael, J.R. (2003). Scanning Electron Microscopy and X-Ray Microanalysis (3
rd
 
ed). New York: Springer. 
Gunasekaran, S. & Ak, M.M. (2000). Dynamic oscillatory shear testing of foods – selected 
applications. Trends in Food Science & Technology, 11, 115-127. 
Haines, P.J., Reading, M., & Wilburn, F.W. (1998). Differential thermal analysis and 
differential scanning calorimetry. In M.E. Brown (ed), Handbook of Thermal Analysis 
and Calorimetry, vol 1. The Netherlands: Elsevier Science BV. 
Hasenhuettl, G. L., & Hartel, R. W. (2008). Food emulsifiers and their applications (2nd ed). 
New York, NY: Springer. 
 80 
 
Hemur, Y. & Horne, D.S. (2000). Dynamic Rheological Properties of Highly Concentrated 
Protein-Stabilized Emul-sions. Langmuir, 16, 3050-3057. 
Hohne, G., Hemminger, W., Flammersheim, H-J. (1996). Differential Scanning Calimetry: 
An Introduction for Practitioners. Berlin, Germany: Springer-Verlag. 
Horváth, C. (2013). High-performance liquid chromatography: advances and perspectives. 
New York, NY: Academic Press. 
Inamuddin A. M., (2013). Green Chromatographic Techniques Separation and Purification of 
Organic and Inorganic Analytes(Ed). Aligarh, India: Springer Chromatographic and 
electrophoretic techniques. London, UK: Heinemann Medical. 
Johansson, L. B. (2009). Modern fluorescence spectroscopy: Insights into Biosystems at a 
molecular level. Amsterdam, Netherlands: Elsevier. 
Karasek, F. W., & Clement, R. E. (2012). Basic gas chromatography-mass spectrometry: 
principles and techniques. Amsterdam, Netherlands: Elsevier. 
Kemp, S., Hollowod, T. & Hort, J. (2009). Sensory Evaluation – a practical handbook. West 
Sussex, UK: Wiley-Blackwell. 
Kimseng, K., & Meissel, M. (2001). Short overview about the ESEM. Retrieved from 
http://www.calce.umd.edu/TSFA/ESEM.pdf  
Kippax, P. (2009). Particle size analysis. Pharmaceutical Technology, April 2009. 
Lawless, H.T. & Heymann, H. (2010). Sensory Evaluation of Food. Springer. 
Li, K. & Fingas, M. (2003). Evaluation of the HP6890/5973 bench-top gas 
chromatograph/mass selective detector for use in mobile laboratories. Journal of 
Hazardous Materials, 10, 81-91. 
MacMurrough, I., Madigan, D., Donnelly, D., Hurley, J., Doyle, A., Hennigan, G., & Smyth, 
M. R. (1996). Control of ferulic acid and 4-vinyl guaiacol in brewing. Journal of the 
Institute of Brewing, 102(5), 327-332.  
Malkin, A. I., & Isayev, A. I. (2006). Rheology: concepts, methods, and applications. 
Toronto, Canada: ChemTech. Pub. 
Malvern Instruments Limited. (2012). Inform White Paper – A Basic Guide to Particle 
Characterisation. Retrieved 8 June 2016 from http://www.malvern.com 
Malvern Instruments Limited. (1997). Mastersizer S & X Manual. Retrieved 8 June 2016 
from http://www.ceic.unsw.edu.au/centers/partcat/facilities/Mastersizer.pdf 
Medvedovici, A., & David, V. (2008). Spectrophotometry | Diode Array. Encyclopaedia of 
Analytical Science. New York, NY: Elsevier. 
 81 
 
Merkus, H.G. (2009). Particle Size Measurements - Fundamentals, Practice, Quality. 
Netherlands: Springer. 
Meyer, V. (2013). Practical high-performance liquid chromatography. Chichester, UK: John 
Wiley. 
Miri, T. (2011). Viscosity and oscillatory rheology. In I.T. Norton, F. Spyropoulos & P. Cox 
(Eds.), Practical Food Rheology- An Interpretive Approach. Oxford, UK: Blackwell 
Publishing Ltd.  
Myers, D., & John Wiley & Sons (Firma commercial). (2006). Surfactant science and 
technology. Hoboken, NJ: Wiley. 
Parlouër, P. L., & Benoist, L. (2009). Methods and applications of microcalorimetry in Food. 
In G. Kaletunç (Ed.), Calorimetry in food processing: analysis and design of food 
systems (pp. 15-46). Hoboken, NJ: Wiley-Blackwell and the Institute of Food 
Technologists. 
Premierbiosoft. (2013). Mass spectrometry: introduction, principle of mass spectrometry, 
components of mass spectrometer, applications. Retrieved from 
http://www.premierbiosoft.com/tech_notes/mass-spectrometry.html  
Rao, M. A. (2007). Rheology of Fluid and semi liquid foods: principles and applications (2nd 
ed). New York, NY: Springer. 
Rouèche, E., Serris, E., Thomas, G., & Périer-Camby, L. (2006). Influence of temperature on 
the compaction of an organic powder and the mechanical strength of tablets. Powder 
Technology, 162(2), 138-144. 
Rawle, A. (2012). Basic principles of particle size analysis. Retrieved from 
doi:http://www.malvern.com/common/downloads/Basic_principles_of_particle_ 
size_analysis_MRK034-low_res.pdf 
Setaram. (2001a). Micro DSC III – high sensitivity DSC and calorimetry. Retrieved from 
http://www.thermalcal.com/_documents/pdfs/s3.pdf 
Setaram. (2001b). Micro DSC VII – high sensitivity DSC and calorimetry. Retrieved from 
http://www.thermalcal.com/_documents/pdfs/s7.pdf 
Shaw, M. T. (2012). Introduction to polymer rheology. Somerset, UK: Wiley. 
Shu, B., Yu, W., Zhao, Y., & Liu, X. (2006). Study on microencapsulation of lycopene by 
spray-drying. Journal of Food Engineering, 76(4), 664-669. 
 
 
 82 
 
Sathaye, Sameer, Mbi, Armstrong , Sonmez, C., Chen, Y., Blair, D.L., Schneider, J.P., & 
Pochan, D. J. (2015). Rheology of peptide‐ and protein‐based physical hydrogels: Are 
everyday measurements just scratching the surface? Wiley Interdisciplinary Reviews: 
Nanomedicine and Nanobiotechnology, 7(1), 34-68. 
Steffe, J.F. (1996). Rheological Methods in Food Process Engineering. East Lansing, MI: 
Freeman Press.  
Stone, H. & Sidel, J.L. (2004). Sensory Evaluation Practices (3
rd
 ed). San Diego: Academic. 
Subramanian, R. & Gunasekaran, S. (1997). Small Amplitude Oscillatory Shear Studies on 
Mozzarella Cheese Part I. Region of Linear Viscoelasticity. Journal of Texture 
Studies, 28, 633-642. 
TA Instruments. (n.d.). AR-G2 Rheometer. Available from: http://cit.kuleuven.be/smart/ 
infrastructure/documents/AR-G2.pdf  Accessed 31.05.16. 
Wang, Y. & Petrova, V. (2012). Scanning electron microscope. In G.W. Padua & Q. Wang 
(Eds.), Nanotechnology Research Methods for Foods and Bioproducts. John Wiley & 
Sons. 
Zhang, Z., Law, D., & Lian, G. (2010). Characterization methods of encapsulates. In N. J. 
Zuidam (Ed.), Encapsulation technologies for active food ingredients and food 
processing (pp. 101 - 126). New York, NY: Springer. 
Zucca, N., Erriu, G., Onnis, S. & Longoni, A. (2002). An analytical expression of the output 
of a power-compensated DSC in a wide temperature range. Thermochim Acta,143, 
117–125. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 83 
 
Chapter 3 
 
 
 
Development of analytical techniques to characterize 
the evolution of micro-constituents in oat based 
beverage formulations during their shelf life 
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Abstract 
Phenolic acids, avenanthramides and fatty acids (mostly linoleic and oleic acids) are 
micro-constituents of oats that are thought to possess significant nutritional and health 
benefits. Chemical changes of these compounds occurring due to thermal processing and 
during subsequent storage of oat containing products could however, produce off-flavours 
and result in the deterioration of the end product‘s quality. It is therefore essential to establish 
suitable analytical methods to probe the chemical changes of such compounds during 
processing and during a prolonged shelf life (3 months) of oat based products to ensure the 
consistency of the final food products.  
Oat samples were first defatted, then separated into soluble and insoluble dietary fibre 
(SDF and IDF) fractions by enzymatic digestion, following a modified AOAC method. IDF 
and SDF were then subjected to alkali hydrolysis to release ester-bound phenolic acids and 
subsequent chromatographic separation was undertaken using HPLC.  
Enzymatic digestion at ≤ 50 °C followed by saponification with 2M NaOH for 6 hr 
resulted in the best separation of phenolic compounds by HPLC. Chromatographic data 
showed the presence of phenolic acids (PA) both in IDF and SDF although the majority (80-
90%) of them were located in the IDF in bound form. Ferulic (FA) and Para-coumaric (PCA) 
acids are the hydroxycinnamic acids present in greatest levels both in IDF and SDF. Vanillic 
and caffeic acids were recorded either in trace quantity or were not detected. Total phenolic 
content (TPC) data quantified by Folin-Cioalteu‘s (FC) method was consistent with that 
obtained from HPLC analysis. 
The avenanthramides (avens) present in whole grain oats were determined by HPLC of 
methanolic extracts of oat dietary fibre. All three major avenanthramide varieties (A, B and 
C) were identified in all oat samples at concentrations ranging from 1.3 – 1.8 µg/g of oat in 
each case. The presence of peaks in the chromatograms at similar retentions times to avens A, 
B and C indicated the likely presence of other avens varieties in the sample but this was not 
confirmed.  
The free fatty acids (FFA) in the oats were analysed by first converting them to the 
more stable fatty acid methyl ester (FAME) form followed by analysis via gas 
chromatography GC. The data obtained showed that the major FFAs present were C16 and 
C18 compounds. The approximate composition was 38.4% oleic acid, 36.4% linoleic acid 
and 24% palmitic acid, which together comprised 98.8% of the total free fatty acids. 
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Volatile secondary lipid oxidation products of oat samples were analysed by head-space 
solid phase micro-extraction followed by GC-MS analysis. GC chromatogram exhibited the 
presence of a number of aldehydes, ketones, alcohol and furans including hexanal, 1-pentanol 
and 2-pentyl furan.  
Once a baseline was established the evolution of micro-constituents of oat (PA, avens 
and FFA) in an aqueous formulation (5% w/w in water) after UHT treatment and subsequent 
storage for twelve weeks at 22 and 30 ºC was monitored. The results show a definite decrease 
of ferulic acid (FA) in the IDF fraction during storage times of up to eight weeks at both 
temperatures tested. This may indicate degradation of some FA in commercial oat products 
during storage is likely. In contract, PCA remained more or less stable during the storage 
period at the two experimental temperatures. 
The content of major avenanthramides remained unchanged throughout the entire 
storage period of 12 weeks at both 22 and 30 ⁰C. Similarly the total FFA composition 
remained mostly unchanged over 12 weeks storage at both temperatures. However, while the 
amount of palmitic acid remained mostly unchanged, levels of oleic and linoleic amount 
slightly decreased upon long term storage (after 4 weeks) which was likely a result of lipid 
oxidation since a rapid increase in volatile lipid oxidation products (mainly, hexanal and 2-
pentyl furan), was also observed during storage, which was enhanced at higher (30 °C) 
temperatures. The presence of a high amount of hexanal strongly indicated that rancidity 
developed in the oats because of the presence of secondary lipid oxidation products. 
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3.1 Introduction  
The major constituents of oat are starch (25-30%), dietary fibre (~30%), proteins (12-24%) 
and lipids (~10%) (Singh et al., 2013). Oats also contain some micro-constituents including 
phenolic acids, avenanthramides and free fatty acids, all of which have significant nutritional 
/health benefits (Ortiz-Robledo et al., 2013, Shewry et al., 2008; Zhou et al., 1999). However, 
changes in these micro-constituents during thermal processing and storage of oat containing 
products can produce ‗off-flavour‘ compounds and deteriorate the quality of the final products. 
Examples of such reactions include decarboxylation of ferulic acid (FA), a dominant phenolic 
acid found in oats, during high temperature processing (such as UHT treatment). This reaction 
produces 4-vinyl guaiacol (PVG), which is culpable for adverse off-flavour in numerous food 
systems (Fallico et al., 1996).  
Volatiles from lipid-oxidation can also cause rancidity in oat containing products during a 
prolonged shelf life. Thus it is necessary for the food industry to probe the evolution of oat‘s 
micro-constituents subjected to thermal treatment and extended storage to ensure the nutritional 
value and consistency of oat containing products. It is therefore necessary to develop suitable 
chemical analytical procedures to assess the changes in these compounds during shelf life 
studies. The development of such methods was the aim of this study. 
3.1.1 Phenolic acids 
Oat phenolic acids have high antioxidant activity and other associated health benefits 
(Zielinski et al., 2008). Both insoluble and soluble parts of oat dietary fibre contain phenolic 
acids, although the major portion is usually found in a bound form (Guo et al., 2013). In order to 
analyse phenolic acids in oat dietary fibre it is first necessary to fractionate the insoluble and 
soluble parts of the fibre in order to allow a subsequent analysis of phenolic acids in both parts. 
In order to accomplish this it is first necessary to isolate fibre from the other major constituents 
of the oat such as starch, proteins and lipids. Lipid can be removed using a suitable solvent like 
hexane whilst enzymatic digestion can be used to remove starch and proteins (Bunzel et al., 
2011).  
The official Association of Official Analytical Chemists (AOAC) method has been widely 
used for isolation of soluble and insoluble fibre (Cho et al., 1997). Chromatographic techniques 
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like High-Performance Liquid Chromatography (HPLC) are extensively applied for separating 
individual phenolic acids in cereal fibres as well as for quantification (Robbins, 1996). In this 
work, we used a modified AOAC method for isolation of soluble dietary fibre (SDF) and 
insoluble dietary fibre (IDF) followed by alkali hydrolysis (saponification) to release ester or 
ether bound phenolic acids, with subsequent HPLC analysis for the separation of the individual 
phenolic acids as well as quantification. Folin-Ciocalteu‘s (FC) method is a typical method 
adopted for determining the total phenolic content (TPC) of food fibre samples and this method 
was utilised in this research to evaluate the TPC of soluble and insoluble fractions. 
3.1.2 Avenanthramides 
Avenanthramides (avens) are compounds possessing low molecular mass and are found in 
oats. They are soluble and do not exist in other cereal grains. They also have antimicrobial effect 
and are generated by plants as a defence mechanism against pathogens, e.g. fungi (Meydani, 
2009). Chemically, the compounds are made up of a phenylpropanoid with anthranillic or 5-
hydroxy anthranillic acid (Collins & Mullin, 1988). Over 20 distinct forms of avens have been 
detected in oat grains. Avens A, B and C are considered as the dominant forms of 
avenanthramides. 
Avens display potent antioxidant activity, which is much greater (30 times) compared to 
other antioxidant compounds, such as caffeic or vanillic acid. Besides antioxidant properties, 
avens possess potential anti-inflammatory, vasodilation and anti-itching effects (REF). It is not 
well understood to what degree they occur in a bound form in oat grains, though increased levels 
of avens after alkaline hydrolysis have been reported (Bryngelsson, Dimberg, & Kamal-Eldin, 
2002). Avens in oat fibre can conveniently be analysed and quantified using HPLC (Ren et al., 
2011). We used methanolic extracts of fibre for analysis of avens via a simple HPLC technique 
based on that described by Xu et al., (2009). 
3.1.3 Lipids  
Besides the presence of avenanthramides, oat differs from other cereal grains in their high 
oil content. Different oat varieties have been reported to possess lipid contents of between 2 and 
13.7% (Kaimainen et al., 2012). Lipid oxidation is a main source of food spoilage and the 
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relative high lipid content in oat as well as high lipase activity can greatly promote lipid 
degradation in oats and oat products (Doehlert, Angelikousis, & Vick, 2010). Lipid hydrolysis 
has been considered as the first reaction that instigates lipid deterioration. Therefore, the level of 
free fatty acids (FFA) is typically employed as a quality parameter in oat based food products 
(Doehlert et al., 2010). 
Rancidity, which is the most critical off-flavour in oat products, is largely originated either 
from volatiles compounds (e.g. aldehydes, alcohols and ketones) or large amount of free fatty 
acids that are oxidised or phenolic compounds. According to Heinio, Lehtinen, Oksama-
Caldentey and Poutanen (2002) rancidity development is thought to be a result of degradation 
reactions of lipids. However, the study also suggested that reactions of phenolic acids as well as 
protein degradation should be taken into consideration. Two disparate lipid reactions can take 
place throughout extended storage and, these are:  
(i) Hydrolytic degradation. In this event, triacylglycerols and phospholipids are transformed 
into free fatty acids.  This may result in undesirable aromas and tastes and hence the 
analysis of FFA levels is useful in the prediction of lipid stability in oats (Molteberg, 
Vogt, Nilsson, & Frolich, 1995).  
(ii) Oxidative degradation. This occurrence involves transformation of fatty acids that have 
minimum of one double bond into hydroxyperoxides and further secondary oxidation 
products (Heinio et al., 2002).  Secondary oxidation products include hexanal, 1-
pentanol, pentanal, and 3,5 octadiene-2-one. Among these compounds, hexanal occurs far 
more common that others and is the most abundant, hence, is usually utilised as a marker 
for oxidation of lipid (Lehtinen & Laakso, 2004). 
Gas chromatography (GC) is a robust technique for examining fatty acids in grains from 
cereal origin (Leonova et al., 2008). This method involves extraction of lipid from cereal grains 
using suitable solvents followed by conversion of free fatty acids into more stable fatty acid 
methyl ester (FAME) compounds by methylation in the presence of some catalyst and 
subsequent analysis of FAME‘s by GC (Liu., 2010). We use comprehensive two-dimensional 
GC for this purpose to maximise the separation capability of the GC analysis. 
Secondary lipid oxidation products can be analysed using solid phase micro-extraction 
technique fitted with GC-MS analysis (Dides et al., 2001). In this technique only a small amount 
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of sample (less than 1 mg) is usually required. This analytical technique was utilised to probe the 
change in secondary oxidation products. 
3.2 Materials and Methods 
3.2.1 Materials 
Oat fibre material was supplied by Sanitarium Health and Wellbeing Company, 
(Cooranbong, NSW, Australia). The approximate composition of the oat fibre material as 
analysed by the supplier was carbohydrate 60.2% (includes dietary fibre 29.3%), sugar 1%, 
protein 16.8 %, fat 9.9%, ash 5.2% and moisture 6.9%.  
      All enzymes used in this research were procured from Sigma-Aldrich (Castle Hill, NSW, 
Australia). The specific enzymes used were α-amylase (heat stable), alcalase protease from 
Bacillus licheniform and amyloglucosidase from Aspergillus niger.  
      Phenolic acid standards (ferulic (FA), para-coumaric (PCA) , vanillic, caffeic and gallic 
acids), avenanthramide standards (avenanthramide A, B and C), fatty acid standards (oleic, 
linoleic and palmitic acids) and 1-pentanol, pentanal, hexanal, 2-pentyl furan,  1-hexanol and 2-
ethyl furan standards were supplied by Sigma-Aldrich. All solvents (ethanol, methanol, 
acetonitrile, acetone, ethyl acetate and hexane) were of HPLC grade and also obtained from 
Sigma-Aldrich. 
3.2.2 Methods 
3.2.2.1 UHT processing 
Sample preparation: A 5% (w/w) suspension of oat fibre in water was prepared at ambient 
temperature, followed by heating to 60 °C and homogenisation at a pressure of 3000 psi. An 
indirect system with a tubular heat exchanger (Hipex, Melbourne, VIC, Australia) was used in 
this work. UHT treatment involved a temperature of 145 ± 2 °C with a holding time of 5 s, after 
which samples were immediately packed into sterile containers under a laminar flow cabinet.  
Trial shelf life studies: All samples were stored at 22 and 30 °C for 12 weeks. Chemical 
analysis of the fibre in samples was carried out at 0, 2, 4, 8, and 12 week intervals. Duplicate 
samples were used for each analysis. 
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Sample pre-processing: At each storage interval, sub-samples were removed, and the solid 
part was separated by centrifugation (3,000 rpm, 20 min, 20 °C) followed by vacuum drying at 
37 °C overnight. Samples for volatile analysis by head space-solid phase micro extraction 
(SPME) were taken from the solid fraction prior to drying. Around 1 g of dried sample was kept 
for FFA analysis. The rest of the dried sample was defatted with hexane and used for subsequent 
analysis (the supernatant of the original sample was discarded following centrifugation). 
3.2.2.2 Isolation of soluble and insoluble fraction of dietary fibre from oat 
      Defatting process: The oat fibre samples were first defatted by extracting them twice with 
hexane. Around ten grams of oat fibre were mixed with hexane (50 mL) and stirred 
continuously. Afterwards, the mixture was subjected to vacuum filtration. The residual part was 
collected and mixed again with hexane. This was followed by another vacuum filtration and 
drying of the solid- fraction. 
      Enzymatic digestion: This was conducted by following the procedures of Bunzel et al. 
(2001). Sequential digestion by α-amylase, alcalase protease and amyloglucosidase was 
performed on the defatted samples in order to discard starch and protein. A sodium phosphate 
buffer (0.08 M, 150 mL, pH 6.0) was combined with 4 g of defatted samples.  Following 
addition of α-amylase (375 μL), the samples were stored in a water bath possessing temperature 
of 95 °C for 25 min with mild shaking every 5 min. After cooling to 60 °C, the pH was altered to 
7.5 with sodium hydroxide (NaOH; 0.275 M). Protease (150 μl) was then incorporated and the 
mixture was placed at 60 °C water bath with continuing agitation for 30 min. Further pH 
adjustment to 4.5 (0.325 M HCl) was carried out and amyloglucosidase (1500 μL) was 
incorporated to the samples that were incubated for 30 min at sixty degree Celsius with steady 
agitation. Following centrifugation (10,000 rpm, 15 min, 20 ⁰C), the supernatant was retained for 
soluble dietary fibre (SDF) analysis and residue was kept for insoluble dietary fibre (IDF) 
testing. The latter was rinsed immediately 2 times with hot (70 °C) water (~30 mL) to remove 
any residual soluble fraction, 95% (v/v) ethanol (~30 ml), and 95% acetone (v/v) (~30 mL). This 
procedure was followed by vacuum filtration each time. The residue was termed as IDF.  
      Supernatant and water washings of IDF were combined and their volume measured. Ethanol 
(95% v/v) that had been heated at 60 °C was added and stored overnight at ambient temperature 
for fibre precipitation. After centrifugation, the residue was retained and the supernatant 
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discarded. The former was rinsed with 78% ethanol, 95% ethanol, and acetone (twice each) to 
remove any residual starch/proteins and was deemed to be the SDF fraction. A vacuum oven 
programmed at 45 °C and 15 kPa was employed for overnight drying of IDF and SDF. Fine 
powder was obtained from grinding of the dried fibre fractions with a pestle and mortar. The fine 
powder was kept for further analysis.  
Modifications of the procedure were carried out to examine whether a higher extraction 
yield of phenolics could be obtained following enzymatic digestion. In this case, digestion by α-
amylase, protease and amyloglucosidase was implemented at temperatures not exceeding 50 °C 
and keeping the remaining parameters unchanged.  
3.2.2.3 Phenolic acid extraction 
In order to liberate ester linked phenolic acids from fibre fractions, this work utilised 
alkaline based hydrolysis and liquid–liquid partitioning steps. Eighty milligram of IDF and SDF 
was weighted and placed separately in dark (amber glass) screw-cap bottles with NaOH (4 M, 5 
mL). In order to remove air, a stream of N2 was passed through the head-space of the bottles. 
The bottles were placed on a rotary shaker for 18 hr in the absence of light and at ambient 
temperature for saponification. pH values of the samples were amended to 1.5-2 with HCl (3 M). 
Internal standard vanillic or gallic acid (40 µg) dissolved in dioxane was added and then samples 
were extracted with double volumes of ethyl acetate. The extraction was repeated three times. 
Following separation process using centrifuge for 20 min at 4000 rpm, the supernatants retained 
from each extraction were mixed together and dried to a constant weight. The drying was 
accomplished using a rotary evaporator (Büchi rotavapor-R200, Switzerland) at 40 ±2 °C and 60 
kPa. The dried alkaline extracts from IDF and SDF were redissolved in 1 mL of methanol/water 
mix (50:50) and passed through a filter with size of 0.45 μm before chromatographic analysis. 
Analysis was carried out via HPLC. 
The phenolic acid extraction procedure was modified to examine whether higher levels of 
phenolics could be obtained from IDF and SDF. A milder saponification process was employed 
to release bound phenolic acids and the effect was monitored via HPLC. For this, 2M NaOH was 
used and the saponification time was set at 6 or 18 hr, keeping the remaining conditions same. 
The extraction procedure is based on an amended methods reported by Bunzel, Ralph, Marita, 
Hatfield and Steinhart (2001) and Guo and Beta (2013). 
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3.2.2.4 Optimized protocol for the analysis of phenolic acids using HPLC 
An optimized protocol was detection and vanillic acid was chosen as the internal 
standard.developed to analyse the phenolic compounds using HPLC.. The isolation of IDF and 
SDF was done via enzymatic digestion at a temperature not exceeding 50 ⁰C followed by 
saponification with 2M NaOH for 6 hr as described above. The HPLC system used was an 
Agilent (Mulgrave, VIC, Australia) 1100 series HPLC chromatograph with a diode array 
detector (DAD). The system was fitted with a reverse phase C18 non polar column from Agilent 
(ZORBAX Eclipse with size of 4.6 x 150 µm, 5 µm). The column is also a XDB type (extra 
dense bonding). A gradient elution was carried out with mobile phases of A: water with 0.1% 
formic acid, and B: methanol. A linear gradient time was set as follows: 0-1 min: 5% B; 30 min: 
95% B. The injection volume of the sample and solvent flow was 20 µl and 1 mL/min, 
respectively. Column temperature was 25 °C. A UV wavelength of 280 and 320 nm was used for  
3.2.2.5 Quantification of major phenolic acids in oat fibre using HPLC 
To measure the quantity of the major phenolic acids present in the IDF and SDF samples 
calibration curves were constructed for ferulic, para-coumaric and vanillic acid standards. This 
approach also confirmed the linearity of the HPLC detector response. To construct the 
calibration curves standards of each phenolic acid were dissolved in a 50:50 methanol/water 
(v/v) mix to obtain concentrations of 1, 2, 5, 10, 25, 50 and 100 µg/mL. These were run by the 
optimized HPLC method with each sample being run in duplicate. Construction of calibration 
curves were achieved by plotting area of the peak against concentration for each phenolic acid 
standard, and the concentrations of major phenolic acids were calculated from the resulting 
regression equation for each standard. 
3.2.2.6 Total phenolic content in oat fibre using UV visible spectroscopy based assays 
Folin-Cioalteu‘s (FC) assay was employed in the examination of total phenolic content 
(TPC) in IDF and SDF (as outlined in Irakli, Samanidou, Biliaderis, & Papadoyannis, 2012) with 
some modifications. Briefly, 0.2 mL of the IDF or SDF extracts (reconstituted in 50% methanol 
after alkali hydrolysis) was combined with 0.8 mL of FC reagent (1:10 v/v dilution with milliQ 
water) for oxidation. Following 10 min incubation, two millilitre of 7.5% (w/v) sodium 
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carbonate was incorporated to neutralise the solution. Next, 7 mL milliQ water was included 
followed by vortex mixing. The mixtures were kept in upright position at room temperature for 
two hours and in the absence of light. A Lambda 35, UV-Vis spectrophotometer (Perkin Elmer, 
Singapore) was used to record the sample absorption at 725 nm. Ferulic acid standard solutions 
at concentrations of 10, 25, 50, 100, 200 and 300 µg/mL were formulated to create a calibration 
curve. Such curve was utilised to calculate the amount of phenolics in the IDF and SDF extracts. 
Data were reported as µg of ferulic acid equivalent per g of IDF or SDF fraction (µg FAE/g of 
IDF or SDF). Each sample was again run in duplicate.  
3.2.2.7 Extraction of avenanthramides from oat samples 
Samples were first defatted with hexane as described previously and 5 g of the defatted 
samples were mixed thoroughly with 50 mL of methanol. The mixtures were then separated 
using centrifuge (5000 rpm) for 15 min at ambient temperature. The top layer was separated and 
the residue was extracted again with methanol following the same procedure. The pooled 
supernatants were placed in vacuum oven with temperature of 40 °C. Dried residue was 
reconstituted with methanol (0.75 mL) and passed through a filter with 0.45 µm in size prior to 
subsequent analysis with HPLC. An Agilent 1100 series HPLC chromatograph was again used 
for analyses using the same set up as section [3.2.2.4] but with the exception of a mobile phase 
of A: water with 0.1% formic acid and B: acetonitrile. A linear gradient was set as 0-1 min: 5% 
B; 25 min: 80% B. The flow rate was programmed at 1 mL/min. 
3.2.2.8 Quantification of major avens in oat fibre using HPLC 
      In order to quantify the major avens present in the oat samples, calibration curves were 
constructed for avenanthramides A, B and C from standards of each compound. This procedure 
also confirms the linearity of detector response for the developed HPLC method for avens 
analysis. To construct the calibration curves, methanol was employed as a solvent for avens 
standard materials. A stock solution is prepared with the highest concentration being 100µg/mL 
for each of the avens. The stock solution was diluted subsequently to obtain a range of 
concentrations, i.e. 1, 2, 5, 10, 25, 50 and 100 µg/mL. These were run by the same HPLC 
protocol employed for the oat sample analysis with the UV detector set to at 340 nm. All analysis 
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was performed in duplicate. Calibration curves were produced by mapping out area of the peak 
against concentration for each standard. 
3.2.2.9 Analysis of free fatty acids     
Free Fatty Acids (FFA) were measured by converting lipid to the more stable fatty acid 
methyl ester (FAME) form based on the amended procedure reported by Dahmer et al. (1989).  
For direct methylation, 30 mg oat sample was transferred into a 10 ml vial followed by inclusion 
of 2 mL of hexane and mixing using vortex mixer. Then, 2 mL of 1% H2SO4 in methanol 
solution was incorporated and the sample was vortex mixed again. 0.5 mL of internal standard 
(heptadecanoic acid in hexane, conc. 1mg/mL) was added and the screw capped sample vials 
were placed on a heating block for 1 hr at 85 °C for the methylation reaction to occur. After 
cooling to room temperature, 1 g anhydrous calcium chloride (CaCl2) was incorporated to the 
solution (which was vortex mixed again) to remove any traces of water. The samples were left to 
stand for ½ hr and the top layer was moved into a GC vial for analysis. Calculation of FFA 
content was achieved by comparing the samples‘ peak area with that of the internal standard. 
3.2.2.10 Comprehensive gas chromatography (GC×GC) 
A multidimensional GC×GC instrument was used for the FAME analysis of lipid extracts 
in the oat sample of this investigation. The two columns used were a DB-1MS, 10 m X 100 µm, 
0.1 µm film and a SLB-IL100, 4 m X 250 µm, 0.2 µm film. Gas flow rates through the columns 
were 0.3 and 24 mL/min, respectively. The temperature programme was as follows: 1 min at 
100°C, raised to 175 °C at 10 °C/min, then 3 °C/min to 230 °C (held for 8 min). Hydrogen (H2) 
was the carrier gas. A 1 µL sample injection volume with a split ratio of 50:1 was utilised in this 
work. Detection temperature as well as injection temperature was programmed at 230 °C. The 
modulation period was 2.0 s, i.e. the eluent from the first column was injected into the second 
column every 2 seconds, the back flush time was 0.10 s, detection speed (frequency) was 200 Hz 
with a 0.02 min offset.  
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3.2.2.11 Analysis of volatile lipid-oxidation compounds 
Detection of lipid-oxidation compounds was conducted using solid phase micro extraction 
(SPME) together with gas chromatography-mass spectrometer (GC-MS) (Agilent 6890/5973 GC 
system with mass selective detector). The separation was conducted with a non polar DB-5 
column with following specifications: 0.25 μm for thickness, 0.25 mm for column‘s internal 
diameter, and 30 m for column‘s length. The column temperature was set as follows: 2 minutes 
at 50 °C, 50-110 °C at 10 °C/min, 110-200 °C at 5.7 °C/min, 200-250 °C at 40 °C/min, and 5 
minutes isothermal step at 250 °C. The carrier gas was helium having 40 cm/s for linear velocity. 
250 °C was employed as the injection temperature with a splitless injection mode. The SPME 
fibre used was divinylbenzene/ carboxen/ poly(dimethylsiloxene) with a DCP, 50/30 µm coating, 
needle size of 24 ga (Sigma-Aldrich). 
Sample preparation for SPME consisted of heating 0.25 mg of oats in sealed vials to 60 °C 
followed by insertion of the SPME fibre into the vial‘s headspace. Absorption was undertaken 
for 20 min. Isolated oat volatiles were thermally desorpted into the injection port of the GC-MS 
system. Individual separated compounds were identified from the GC-MS database (National 
Institute of Standards and Technology -NIST- 2011 version).Similar SPME analysis was also 
carried out for selected volatile standard compounds (hexanal, pentanal, 2-pentyl furan and 2-
ethylfuran) as standards for qualitative identification. 
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3.3 Results and Discussion 
3.3.1 Phenolic acids in oat fibre 
HPLC chromatograms show the presence of ferulic, vanillic and para-coumaric acids in 
our samples, but it fails to detect caffeic acid in both IDF and SDF fractions (Figure 3.1). The 
absorbance intensity of these peaks (2, 3 and 4) was much higher in IDF compared to those in 
SDF, a result that indicates that the bulk of these acids are in bound configuration with insoluble 
polysaccharides. Ferulic acid is detected in high concentrations (it was the biggest peak) both in 
SDF and IDF, and should be the main focus of consistency studies in liquid products containing 
these fibres. There were a number of unknown peaks in the chromatogram, which could arise 
from the presence of other phenolic acids and /or their derivatives.  
Vanillic acid was incorporated as an internal standard to prove the sensitivity of the 
method and this is also shown in the chromatogram in Figure 3.1. HPLC runs without this 
internal standard showed that vanillic acid was present either in trace or not detectable ranges in 
all oat fibres tested (Figures 3.1 and 3.2). Gradient elution with mobile phase combinations of 
acetonitrile/water or methanol/water, as seen in Figures 3.1 and 3.2, produced quantifiable 
separations with slightly better outcomes for the methanol/water combination and this was used 
in all subsequent studies. 
      In order to optimize the extraction efficiency of phenolic acids, wholegrain samples were 
subject to enzymatic digestions using different temperature (50 and 95 °C) followed by 
saponification using 2 M NaOH for 6 hr and 4M NaOH for 18 hr. The chromatographic analysis 
showed that enzymatic digestion at 50 °C, as opposed to 95 °C, followed by saponification with 
2 M NaOH for 6 hr (instead of 4 M NaOH for 18 hr) produced a much better extraction of 
phenolic acids.  
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Figure 3.1.  HPLC Chromatogram of phenolic acids (obtained at 280 nm) from IDF of oat 
samples using alkaline extraction (2M NaOH for 6 hr) and distinct enzymatic digestion 
temperatures: (a) 95 °C and (b) 50 °C; the standard mix is also shown in (c). Numbers are: (1) 
caffeic acid, (2) vanillic acid, (3) para-coumaric acid and (4) ferulic acid. (------ Methanol, ------ 
Acetonitrile). 
2 3 
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Figure 3.2.  HPLC chromatogram of phenolic acids (obtained at 280 nm) from SDF of oat 
samples using distinct enzymatic digestion temperatures and alkaline extractions: (a) at 95 °C - 
2M NaOH for 6 hr; (b) at 50 °C - 2M NaOH for 6 hr; and (c) at 50 °C - 4M NaOH for 18 hr. 
Numbers are: (1) vanillic acid, ( 2) para-coumaric acid and (3) ferulic acid. (------ Methanol, -----
Acetonitrile).          
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             It was clear from the HPLC chromatograms (Figures 3.1 and 3.2) that the highest 
quantities of phenolic acids were released from samples that were processed with enzymatic 
digestion at 50 °C and subsequent saponification with 2M NaOH for 6 hr. Phenolic acids 
quantification was conducted from standard calibration curves of ferulic, para-coumaric, and 
vanillic acids (Figure 3.3). Quantification data also show a consistent result (Table 3.1) with the 
data obtained from HPLC analysis. Clearly, data in Table 3.1 reveals that isolation procedure of 
IDF and SDF from whole grain and subsequent alkali hydrolysis to liberate ester bound phenolic 
acids greatly influence the phenolic acids recovery.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Calibration curves for (a) ferulic acid (FA), (b) para-coumaric acid (PCA), (c) 
vanillic acid (detection monitored at 280 nm). 
c 
b a 
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Table 3.1. The amount of phenolic acids in IDF and SDF following optimised sample 
preparation procedures for HPLC analysis. 
 
1
ND = Not detected. 
It was evident from previous studies on phenolic acids in oats and other wholegrain cereals 
that a sizable portion of phenolics was attached to the insoluble fraction and only minor levels of 
phenolic compounds were located in the soluble fraction (Guo et al., 2013). The phenolic 
compound which occurs in the highest concentration in oat samples was ferulic acid, with para-
coumaric acid being the second major acid and this is consistent with the literature (Guo & Beta, 
2013; Mattila, Pihlava & Hellstrom, 2005; Sosulski et al., 1982). Study by Rybka et al. (1993) 
also indicated that 85-90% of phenolic acids in cereal grains were found in IDF. Previous studies 
also show that the extraction procedure used could result in considerable variation in phenolic 
acid contents (Guo et al., 2013) and these results were again consistent with those found in the 
present study.  
 
Sample 
 
Soluble/insoluble 
fraction 
Ferulic 
acid 
(µg/g) 
Para-
coumaric 
acid 
(µg/g) 
Vanillic 
acid 
(µg/g) 
Total major 
phenolic acids 
(µg/g) 
Oat fibre processed 
at 95 ⁰C with 2M of 
NaOH for 6 hr 
 
IDF 
 
1196 ± 24 
 
72 ± 6 
 
15 ± 0.2 
 
1283 ± 27 
SDF 23 ± 14 2.3 ± 0.4 ND
1 
25.3 ± 15 
Oat fibre processed 
at 50 ⁰C with 2M of 
NaOH for 6 hr 
 
IDF 
 
1900 ± 12 
 
118 ± 5.1 
 
22 ± 0.6 
 
2040 ± 14.3 
     
SDF 85 ± 6 7.3 ± 2.6 ND
1 
92.3 ± 12 
Oat fibre processed  
at 50 ⁰C with 4M of 
NaOH  for 18 hr 
 
IDF 
 
1315± 56 
 
88 ± 16 
 
17 ± 3 
 
1420 ± 66 
     
SDF 33 ± 1.7 2.5 ± 0.3 0.4 ± 0.02 35.9 ± 2.2 
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3.3.2 Total phenolic content (TPC) 
Results displayed that the total phenolic content (TPC) was higher in IDF than for SDF for 
all samples investigated. TPC data also confirmed that the best recovery of phenolics from oat 
sample was obtained with enzymatic digestion at 50 °C and subsequent saponification utilising 
2M NaOH for 6 hr. The TPC of the IDF and SDF with this method were 3038 and 1923 µg 
ferulic acid equivalent/g, respectively. Other extraction conditions, i.e. digestion at 95 °C 
followed by saponification with 2M NaOH for 6 hr and digestion at 50 °C with subsequent 
saponification with 4M NaOH for 18 hr, produced much lower values of TPC for both IDF and 
SDF. However, the amount of total phenolic acids calculated from HPLC is considerably lower 
than that obtained from the UV Visible spectroscopy based method. The total amount of 
phenolic acids via UV Visible spectroscopy method was calculated from the calibration curves in 
Figure 3.4. This is due to the fact that only three major acids (ferulic, para-coumaric and vanillic 
acids) were considered for the HPLC calculation whereas the Folin-Ciocalteu method is able to 
assess the total content of all phenolic compounds that are able to react with the Folin-Ciocalteu 
reagent. Guo et al. (2013) measured TPC of oat and other cereal grains by the FC method and 
reported similar results to our findings. 
                    
Figure 3.4. Calibration curve for determination of TPC using FC method. 
3.3.3 Avenanthramides  
HPLC analysis confirmed the presence of all three major avens (A, B and C) varieties in 
the oat samples (Figure 3.5). The presence of other peaks with comparable retention times to the 
standards may indicate the presence of other avens derivatives. The actual amount of major 
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avenanthramides was calculated from the calibration curves (Figure 3.6). These showed the 
amount of avenanthramides A, B and C in the oat samples were 1.36, 1.78 and 1.19 µg/g of fibre 
respectively. The HPLC procedure developed in this study for avens analysis in oat samples 
could potentially be used to probe the chemical change in avens during prolonged shelf lives of 
many other oat containing products. 
Previous studies with avens revealed the presence of more than 25 avens in whole grain 
oats (Bratt et al., 2003; Chu et al., 2013). Chu et al. (2013) also reported considerable variation 
in avens contents among different cultivars of oats. However, previous studies also indicate that 
the extraction procedure used also considerably affects the amount of avens recovered from oats 
(Bratt et al., 2003; Chu et al., 2013). This could explain some of the variations observed in the 
present study. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5.  HPLC chromatogram (obtained at 340 nm) of avenanthramides present in oat fibre 
(a); methanolic extracts, and a standard mix (b) of authentic compounds (letter legends represent 
aven varieties A, B and C, respectively). 
C 
A 
B 
 b 
B 
 a 
A 
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Figure 3.6. Calibration curves for (a) aven A, (b) aven B and (c) aven C (detection monitored at 
340 nm). 
3.3.4 Fatty acid composition in oat 
Figure 3.7 shows the GC×GC chromatograms of the oat fibre lipid extracts and standards. 
(Figure 3.7a) portrays a profile of the standard FAME mix, which is a mixture of palmitic, oleic 
and linoleic acids. (Figure 3.7b) exhibits the fatty acids profile in oat samples, with the peaks at 
10-15 min retention times correspond to methyl esters of various C16 and C18 compounds. As 
polarity increases with unsaturation C18:1 (oleic acid) and C18:2 (linoleic acid) elute at a 
slighter lower retention time than to C18:0 (stearic acid).  
The proportion of primary fatty acids (determined from the respective peak areas of the 
chromatogram) showed the dominant free fatty acids in oat were palmitic (18%), oleic (48%) 
and linoleic acids (34%). The results of the recent study point out that most of the free fatty acids 
 b 
 c 
 a 
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present in oat samples are C16 and C18 compounds, an outcome that is consistent with 
previously published reports which found that the main constituents of FFA in oat were palmitic 
(13-26%), oleic (22-47%) and linoleic (25-52%) (Zhou et al., 1999; Liu et al., 2011). 
 
 
 
Figure 3.7. GC×GC bi-dimensional plot of FAME from (a) standard FAME mix and (b) oat 
samples, with X and Y-axis representing 1⁰ (min) and 2⁰ (sec) retention time of the eluents, 
respectively. 
3.3.5 Volatile lipid oxidation products 
Head-space SPME analysis of oat fibre samples revealed the presence of various volatile 
compounds in the sample (Figure 3.8). The major volatiles identified were hexanal, 1-pentanol, 
pentanal, 2,3-butanediol, 1-hexanol, 2-pentyl furan, 3,5-octadien-2-one, nonanal, dodecane, and 
C18:1 
C16:0 
C18:2 
   min 
se
c 
C18:0 
C18:1 
  min 
C16:0 
C18:2 
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c 
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tridecane. The presence of high amounts of hexanal indicated that rancidity developed in the oat 
sample due to presence of secondary lipid oxidation products. Previously reported similar 
analysis of raw (unprocessed) oat and processed oat also showed the presence of these volatile 
compounds (Sides et al., 2001). 
Marked changes in the concentration of volatile compounds (aldehydes, ketones, alcohol 
and furans) have also been reported during storage of raw and processed oats and were 
associated with rancidity (Heinio et. al., 2002). An increase in the amounts of volatiles, such as 
hexanal, and 2-pentyl furan, could therefore be employed as a marker of lipid oxidation in oats 
and oat based products, and possibly other grains/grain based products. Our results also indicate 
that head-space SPME sampling with GC-MS technique can be readily applied to probe the 
extent of lipid oxidation in oat products during prolonged shelf lives.  
 
Figure 3.8. Total ion chromatogram (TIC) of volatile compounds extracted by means of head 
space SPME from oat samples, with the number legends representing (1) pentanal, (2) 1-
pentanol, (3) 2,3-butanediol, (4) hexanal, (5) 1-hexanol, (6) 2-pentyl-furan, (7) 3,5-octadien-2-
one, (8) nonanal, (9) dodecane, and (10) tridecane based on peak identification according to GC-
MS database. 
1 
2 
3 
4 
5 
6
4 
7 8 
9 10 
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3.3.6 Evolution of oat micro-constituents during shelf-life 
The analytical methods developed here were used to characterize the evolution of oat 
micro-constituents (PA, avenanthramides, FFA and volatiles compounds) during the shelf life of 
UHT processed oat fibre in water formulations (5% w/w) kept at 22 and 30 ⁰C for 12 weeks. The 
findings are discussed in the following sections. 
3.3.6.1 Evolution of phenolic acids during shelf life 
It is evident from the 12-weeks shelf life study that ferulic acid (FA) and para-coumaric 
acid (PCA) remain the primary constituents of the phenolic acids present in both IDF and SDF 
fractions of UHT treated oat fibre in water at 22 and 30 °C (Figures 3.9 and 3.10, and Tables 
3.2a and 3.2b). A definite decrease in the amount of ferulic acid was noted in IDF for up to 8 
weeks and subsequently remained stable. This may indicate conversion of the FA into other 
chemical species. This outcome was consistent for both storage temperatures (22 and 30 °C, see 
Table 3.2a). In the case of para-coumaric acid, values increased and then remained constant 
(within experimental error) for up to 8 weeks but they fell after 12-weeks of observation. 
Further, the amount of both FA and para-coumaric acid in the SDF fraction was much lower than 
in the IDF (Table 3.2b). 
Degradation of FFA could produce 4-vinyl guaiacol or polyvinyl guaiacol (PVG), an off-
flavour compound, found in many processed food and beverages containing DF such as citrus 
juices. Even a small amount of PVG in a beverage can produce objectionable aromas and 
deteriorate the quality of the final product significantly. PVG is formed through release and 
subsequent enzymatic or thermal decarboxylation of FA (Coghe et al., 2004) (Peleg et al., 1992).  
The results presented here show a definite decrease of FA over time, which might relate to 
release of some bound FA into the free form with subsequent decarboxylation during high 
temperature treatment and storage. However HPLC-DAD alone was not found to be sensitive 
enough for the accurate analysis of trace amounts of PVG.  It was therefore decided to develop 
HPLC based method with fluorescence detector and this work is shown in Chapter 4 of this 
Thesis. 
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Figure 3.9. HPLC chromatogram of ferulic acid (FA) and para-coumaric acid (PCA) from the 
IDF fraction of (a) unprocessed oat fibre, (b) UHT processed oat fibre samples stored at 30 °C 
for 4 weeks and (c) UHT processed oat fibre samples stored at 22 °C for 12 weeks. 
Chromatogram obtained at 280 nm. The peak with retention time of 5 min is for internal 
standard, vanillic acid. 
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Figure 3.10. HPLC Chromatogram of ferulic acid (FA) and p-coumaric acid (PCA) from the 
SDF fraction of (a) unprocessed fibre, and UHT processed oat fibre samples stored at 22 ⁰C for 
(b) 4 weeks, and (c) 12 weeks. Chromatogram obtained at 280 nm. Peak at retention time around 
5 min is for internal standard, vanillic acid. 
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Table 3.2a. The amount of phenolic acids in the IDF fractions of stored samples at 22 and 30 ⁰C 
for up to 12 weeks. 
Sample 
(Analyses time) 
 
Ferulic 
(µg/g) of IDF 
at (22 ⁰C) 
Ferulic 
(µg/g) of IDF 
at (30 ⁰C) 
Para-coumaric 
 (µg/g) of IDF 
at (22 ⁰C) 
Para-coumaric 
 (µg/g) of IDF 
at (30 ⁰C) 
     
Unprocessed 1880 ± 46 NA
2 
357 ± 10 NA
2 
Zero-time
1 
2011 ± 10 NA
2 
372 ± 66 NA
2 
2 Weeks 1537 ± 74 1583 ± 15 859 ± 97 843 ± 14 
4 Weeks 1256 ± 15 1234 ± 24 712 ± 11 621 ± 10 
8 Weeks 1190 ± 44 1208 ± 45 706 ± 16 688 ± 30 
12 Weeks 1291 ± 18 1232 ± 79 415 ± 88 309 ± 42 
  1
Samples were analysed 24 hours after UHT treatment. 
      2
NA = not available. 
 
Table 3.2b. The amount of phenolic acids in SDF fractions of stored samples at 22 and 30 ⁰C for 
up to 12 weeks. 
Sample 
(Analyses time) 
 
Ferulic 
(µg/g) of SDF 
at (22 ⁰C) 
Ferulic 
(µg/g) of SDF 
at (30 ⁰C) 
Para-coumaric 
 (µg/g) of SDF 
at (22 ⁰C) 
Para-coumaric 
 (µg/g) of SDF 
at (30 ⁰C) 
     
Unprocessed
 
83 ± 5.9 NA
2 6.2 ± 1.4 NA2 
Zero-time 
1 
68 ± 9 NA
2 10.5 ± 1.5 NA2 
2 Weeks 110 ± 12 121 ± 32 17.6 ± 1 15.2 ± 2.4 
4 Weeks 115 ± 15 99 ± 13 16 ± 0.8 13 ± 0.7 
8 Weeks 35 ± 0.5 41 ± 6 5.2 ± 1.0 ND
3 
12 Weeks 29 ± 2.7 20 ± 1.1 6.4 ± 1.9 ND
2 
  1
Samples were analysed 24 hours after UHT treatment. 
   2
NA = not available.  
   3
ND = not detected. 
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3.3.6.2 Change in total phenolic content (TPC) 
The changes in the TPC obtained with the Folin-Ciocalteu method are shown in Table 3.3. 
These data are consistent qualitatively with the ferulic and para-coumaric data from HPLC 
analysis in (Tables 3.2a and 3.2b). The TPC in IDF and SDF within the 12-weeks storage times 
at 22 and 30 °C ranges between 4875-8106 µg/g and 2156-3381 µg/g, respectively. There 
weren‘t notable changes in TPC for the IDF and SDF fractions within the temperature and times 
tested, and the insoluble fraction was richer in phenolics than its soluble counterpart. As 
expected the amount of total phenolic acids calculated via HPLC (which only looks for selected 
compounds) is considerably lower than that obtained from the UV visible spectroscopy based of 
Folin-Cioalteu (which gives one reading for all phenolic compounds present). 
Table 3.3. TPC in IDF and SDF fractions of stored samples obtained by the Folin-Ciocalteu‘s 
(FC) method. 
 
Sample 
(Analyses time) 
IDF 
(µg ferulic acid 
equivalent/g) 
at (22 ⁰C) 
IDF 
(µg ferulic acid 
equivalent/g) 
at (30 ⁰C) 
SDF 
(µg ferulic acid 
equivalent/g) 
at (22 ⁰C) 
SDF 
(µg ferulic acid 
equivalent/g) 
at (30 ⁰C) 
     
Unprocessed
 
4875 ± 53 NA
2
 3381 ± 44 NA
2 
Zero time
1 
6856 ± 32 NA
2
 2800 ± 17 NA
2 
2 Weeks 7368 ± 44 6708 ± 50 3337 ± 20 2562 ± 12 
4 Weeks 6437 ± 31 6687 ± 71 2620 ± 9 2575 ± 18 
8 Weeks 8006 ± 26 7800 ± 62 2650 ± 18 2743 ± 9 
12 Weeks 8106 ± 13.8 7850 ± 10 2245 ± 17 2156 ± 9 
  1
Samples were analysed 24 hours after UHT treatment. 
  2
NA = not available. 
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3.3.6.3 Change in avenanthramides 
All three varieties of avenanthramides were observed in the HPLC chromatograms of 
methanolic extracts of oat fibre after UHT treatment of 5% (w/w) suspension in water and 
subsequent storage at 22 and 30 ⁰C for up to 12 weeks (Figure 3.11 and Table 3.4). The total 
amount of avenanthramides in the major three varieties remained relatively unaffected within 12-
weeks storage period. This result indicates the stability of the major avenanthramide varieties in 
oat fibre after UHT treatment and subsequent storage for prolonged periods at the temperatures 
tested.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11. HPLC Chromatogram of avenanthramides present in (a) unprocessed fibre and 
UHT processed oat fibre samples stored (b) at 22 °C for 4 weeks, and (c) at 30 ⁰C for 12 weeks 
(c). Chromatograms are obtained at wavelength 340 nm. 
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Unprocessed oat samples show a lower amount of avenanthramide varieties compared to 
stored samples. This could be due to the interactions of oat fibre with water after UHT treatment 
over longer periods of storage, which facilitates either a greater stability of the phenolic 
compounds within the fibre matrix or allows better extraction efficiency with methanol. 
Previous studies showed that commercial processing such as steaming, autoclaving or 
drum drying could affect the major avenantharamide varieties in the dry products (Bryngelsson 
et al., 2002). However our results show that UHT treatment and storage at moderate temperature 
(up to 30 °C) will likely not affect the stability of avens in an aqueous formulation. 
Table 3.4. Amount of major avenanthramides present in the stored samples at 22 and 30 ⁰C for 
up to 12 weeks of oat samples calculated from HPLC analysis. 
Sample 
(Analyses time  
and temperature) 
Aven A 
(µg/g) 
Aven B 
(µg/g) 
Aven C 
(µg/g) 
Total of major 
avenanthramides 
(µg/g) 
     
Unprocessed
 
0.98 ± 0.05 1.3 ± 0.07 0.8 ± 0.04 3.1 ± 0.16 
Zero-time
1 
1.1 ± 0.05 1.5 ± 0.04 0.7 ± 0.05 3.3 ± 0.08 
2 Weeks at 22 °C 1.6 ± 0.02 1.5 ± 0.04 1 ± 0.2 4.1 ± 0.05 
2 Weeks at 30 °C 1.8 ± 0.04 1.7 ± 0.08 1.1 ± 0.3 4.6 ± 0.1 
4 Weeks at 22 °C 1.5 ± 0.02 1.8 ± 0.05 0.6 ± 0.1 4 ± 0.12 
4 Weeks at 30 °C 2 ± 0.09 1.8 ± 0.04 0.7 ± 0.04 4.5 ± 0.17 
8 Weeks at 22 °C 0.94 ± 0.04 1.1 ± 0.1 0.5 ± 0.02 2.6 ± 0.44 
8 Weeks at 30 °C 1.4 ± 0.02 1.5 ± 0.14 0.6 ± 0.03 3.5 ± 0.45 
12 Weeks at 22 °C 1.1 ± 0.03 1.3 ± 0.21 0.5 ± 0.1 2.9 ± 0.3 
12 Weeks at 30 °C 1.2 ± 0.03 1.3 ± 0.24 0.9 ± 0.07 3.4 ± 0.2 
    
1
Samples were analysed 24 hours after UHT treatment. 
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3.3.6.4 Change in free fatty acid (FFA) 
The approximate proportion of fatty acid showed the presence of three major fatty acids in 
all samples, i.e. palmitic, oleic and linoleic acids, and their percentage composition were about 
18%, 48% and 34%, respectively. For all samples, there was not much difference in percentage 
composition of fatty acids in samples stored at 22 and 30 °C for up to 12 weeks. This result 
indicates the relative stability of fatty acids within the temperature range tested. 
As shown in Table 3.5, the actual amount of major three fatty acids slightly decreased 
between 4 and 12-weeks stored samples at 22 and 30 °C. Specifically, the amount of oleic and 
linoleic acid decreased more than palmitic acid at both storage temperatures. This could be due 
to the oxidation of linoleic and oleic acid since they are more sensitive to lipid oxidation. This 
feature is attributed to the existence of double bonds in unsaturated fatty acids. 
 
Table 3.5. Amount of major FFA present in stored samples of oat based beverages during shelf 
life. 
Sample 
(Analyses time 
and temperature) 
                                        Amount (mg/g) 
Palmitic acid 
(C16:0) 
Oleic acid 
(C18:1) 
Linoleic acid 
(C18:2) 
Total 
Unprocessed
 
12.3 ± 0.2 33.3 ± 0.4 16.6 ± 0.5 62.3 ± 1.2 
2 Weeks at 22 °C 17.6 ± 2.5 44.5 ± 1.5 35 ± 0.8 97 ± 4.3 
2 Weeks at 30 °C 23.8 ± 3.1 64.8 ± 0.9 49 ± 2.2 137 ± 2.4 
4 Weeks at 22 °C 23.9 ± 0.9 64.9 ± 2.4 49 ± 1 138 ± 2.6 
4 Weeks at 30 °C 28.5 ± 2.8 63 ± 2.1 57 ± 2.6 148 ± 4.1 
8 Weeks at 22 °C 25.5 ± 0.8 66.3 ± 3 50 ± 3.4 142 ± 3.4 
8 Weeks at 30 °C 25.8 ± 1.7 63.2 ± 2.2 51.3 ± 2.5 140 ± 3.0 
12 Weeks at 22 °C 20.6 ± 2.8 54 ± 1.8 34 ± 3 109 ± 3.9 
12 Weeks at 30 °C 23.5 ± 0.8 52 ± 0.4 40 ± 0.9 116 ± 2.6 
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3.3.6.5 Change in secondary volatile lipid oxidation products 
Head-space SPME analysis showed the presence of hexanal and 2-pentyl furan in our 
samples (Figure 3.12). Unprocessed oat samples also showed the presence of both secondary 
lipid oxidation products, which indicates the existence of this process in the batch of materials 
used. Samples tested 24 hr after UHT treatment (zero time) exhibited a higher presence of 
hexanal and 2-pentyl furane, and a further increase in these volatiles was maintained in the 12 
weeks storage period of this investigation (Figure 3.13). Storage at higher temperature (30 °C) 
increased the amount of both products found, indicating that a more rapid lipid oxidation process 
takes place at high temperatures.  
Hexanal is one of the most abundant volatile compound continuously formed via oxidation 
of oleic and linoleic acids. The presence of higher amounts of hexanal and 2-pentyl furan, a 
linoleic acid degradation product, in oat containing product during storage has been reported 
(Heinio et al., 2002; Klensporf and Jelen, 2005). It has also been d that processing methods such 
as heat treatment as well as storage conditions of oat products have a marked effect on volatiles 
compound formation (Klensporf and Jelen, 2008). Our results show a similar observation of 
increased presence of hexanal and 2-pentyl furan with storage period in aqueous formulation 
subjected to UHT processing, which is enhanced at higher storage temperature. 
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Figure 3.12. Total ion chromatogram (TIC) of volatile compounds extracted by means of head 
space SPME from (a) unprocessed fibre and UHT processed oat fibre samples stored at 22 ⁰C in 
week 2 (b), 30 ⁰C for week 8 (c) and 30 ⁰C up to 12 weeks (d). Y-axis scale for the unprocessed 
sample is 10x lower than that for other samples. 
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Figure 3.13. Relative peak area for hexanal and 2-pentyl furan obtained from HS-SPME 
chromatograms of volatiles for unprocessed (raw) fibre and UHT processed oat samples stored at 
22 ⁰C and 30 ⁰C for up to 12 weeks. 
3.4 Conclusions 
It is evident that a definite decrease of ferulic acid occurs over time upon UHT treatment 
and storage of oat fibre in water for prolonged periods. This is likely due to the decarboxylation 
of some FA into the malodorous compound PVG, which is known to produce off-flavour in 
many food products. Thus its contribution in the development of unpleasant phenolic flavour in 
liquid breakfast products with a high fibre content needs to be evaluated using appropriate based 
analytical techniques (see also chapter 4). 
The GC-MS results demonstrate a rapid increase of secondary lipid oxidation products, i.e. 
hexanal and 2-pentyl furan, over time, which was further enhanced by storage at higher 
temperature. As hexanal and 2-pentyl furan act as a marker of the extent of lipid oxidation and 
subsequent formation of rancidity in oats, characterization of these volatiles during storage of oat 
formulated liquid products can provide valuable information about the onset and development of 
rancidity in these formulations.  
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Chapter 4 
 
 
 
Shelf-life studies of flavour characteristics in model 
UHT liquid systems enriched with wholegrain oat 
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Abstract 
The present study deals with the evaluation of two malodourous compounds, hexanal and 
p-vinyl guaiacol (PVG), with respect to the organoleptic properties of UHT model liquid systems 
fortified with wholegrain oat.  In doing so, a variety of oat powder concentrations (3, 5, and 7% 
w/w), skim milk powder (2.8% w/w) and sucrose (6.7% w/w) were used to produce a number of 
liquid systems (single and mixed systems) subjected to UHT treatment and twenty-nine days 
storage at ambient temperature. Chromatographic analyses show a positive relationship between 
the content of off-aroma compounds (hexanal and PVG) and oat concentration in all samples 
trialled. Extended storage over 29 days at 22 °C also increases the content of both aroma 
compounds. The increase in the level of PVG during storage progress at a higher rate than for 
hexanal. The defatting process with hexane is capable of removing the free lipids in wholegrain 
oat. Addition of skim milk powder and sucrose causes a reduction in the level of the two aroma 
compounds as a result of the formation of protein-hexanal and protein-PVG complexes. 
The sensory trials undertaken were an aroma intensity study and a hedonic study. The 
former used semi trained panellists to evaluate the intensity of the hexanal aroma and the PVG 
aroma in UHT model oat systems during storage. This required the panellists to compare the 
stored model UHT samples with standard solutions of known concentration of each of the 
aromas to identify the intensity of each malodorous odour. The perceived intensity of both 
aromas increases with storage time but not with oat concentration (3, 5 and 7% w/w). The 
defatting of the oat before UHT treatment has an effect of delaying, but only to day 4, the 
identification of the presence of hexanal by the panellists. That was considerably sooner than any 
hexanal aroma that could be detected analytically.  In the absence of hexanal, the intensity of the 
PVG aroma is perceived to be reduced according to the panellists.  
The analysis of the correlated data (sensory versus analytical) suggests that the panellists 
could not discern very low concentration of the hexanal or PVG aromas. However, there is a 
positive straight line relationship beyond that point which gives a R
2 
greater than 93% for all 
three concentrations trialled and a gradient of 0.6 to 0.8, as opposed to the ideal gradient of 1.0. 
A ratio of the odour activity values (OAV) is calculated and plotted against time to show that 
initially the PVG aroma is the dominant aroma in the sample but for the remaining 29 days, the 
hexanal aroma dominates with a ratio of 0.4 to 0.6, indicating that hexanal aroma has nearly 
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twice the intensity of the PVG aroma during storage. For the hedonic sensory trial, the untrained 
panellists assessed the acceptability of the samples by comparing them with a fresh oat sample 
with the same composition, which was deemed to have a score of 9, like extremely. After 29 
days of storage, the mixed samples, which consist of wholegrain oat, skim milk and sugar, are 
still acceptable with a score >7 (liked). This is despite the fact that at that time the hexanal level 
(based on analytical data) is at least three times of its threshold of 4 μg/L in water. 
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4.1 Introduction 
Oats are an excellent source of macro- and micro-components, including high quality 
protein, dietary fibre and phytochemicals, which bring considerable benefits to human health. 
Examples of those benefits include reduction in blood cholesterol and risk of heart disease as 
well as protection against colorectal cancer. These advantages are mainly associated with the 
soluble dietary fibre in oat, i.e. β-glucan (Kagimura et al., 2015; Zhao, Wu, Li & Liu, 2015). 
Besides β-glucan, oat is rich in phenolic compounds that can scavenge free radicals and serve as 
antioxidants. For example, ferulic acid demonstrated a powerful antioxidant activity against 
oxidation of linoleic acid (Kikuzaki, Hisamoto, Hirose, Akiyama & Taniguchi, 2002). Despite 
having these excellent nutritional properties, inclusion of a high content of oat in food products, 
especially beverages, is hampered by the tendency of the oats to produce off-flavours during 
processing and subsequent storage. 
Literature contends that phenolic compounds may consequently influence the aroma and 
taste of plant based foods and their products. Phenolic acids, particularly hydroxycinnamic acids, 
have been shown to elicit bitterness and sourness in grains (Challacombe et al., 2012), 
vegetables (Kreutzmann, Christensen & Edelenbos, 2008) and wines (Gonzalo-Diago, Dizy & 
Fernandez-Zurbano, 2014). By contrast, in aged Italian cheeses (provolone, parmesan and 
pecorino romano) phenolic compounds contribute positive flavour notes (Qian & Burbank, 
2007).   
The flavour threshold of single phenolic acid in food products can vary from 30 
(protocatechuic acid) to 240 (syringic acid) ppm. Identification of bitter and astringent aromas 
from para-coumaric acid has been recorded at 48 ppm, while sourness from ferulic acid was 
reported to be at 90 ppm (Lule & Xia, 2005). However, combining phenolic acids can result in a 
lower taste threshold due to synergistic effects. According to Huang and Zayas (1991), para-
coumaric and ferulic acids together in formulations produce bitter and sour flavour at only 20 
ppm. 
Although oat contains numerous phenolic acids, e.g. ferulic, para-coumaric, caffeic, 
sinapic and vanillic acids, ferulic acid is the primary component (Mattila, Pihlava, & Hellström, 
2005). It was suggested that free phenolic acids were more flavour-active than the bound 
counterparts (Heiniö et al., 2008). Free ferulic acid is liable to either enzymatic or thermal 
decarboxylation reactions and the product of such processes is an aroma-producing compound 
 125 
 
known as para-vinyl guaiacol (PVG). The phenolic compound has been reported to have a 
negative impact on the organoleptic quality of various foods, including beer (Szwajgier, Pielecki 
& Targoński, 2005), citrus juice (Peleg et al., 1992; Tatum, Nagy & Berry, 1975) and wines 
(Welke, Zanus, Lazzarotto & Zini, 2014). This is due to the clove or spice-like aroma associated 
with PVG, which is perceived as malodorous in those products.  Furthermore, PVG has been 
reported to impart a rotten aroma in stored orange juice (Peleg et al., 1992). On a positive note, 
in some beverages like Belgian beer, the flavour note from PVG is appealing to the consumer.  
The identification threshold of PVG varies with different food matrices. For example, the 
threshold of the compound in beer ranged between 200 and 400 ppb. Lower threshold values of 
75 and 100 ppb have been reported in citrus products (Tatum et al., 1975) and water (Belitz, 
Grosch & Schieberle, 2009), respectively.  
Besides the phenolic note from PVG, rancidity also affects adversely the sensory quality of 
oat-based products due to the high lipid content in oats. Development of a rancid flavour is 
understood to be caused by the deteriorative reactions of oat lipids, namely hydrolysis and 
oxidation. The former involves transformation of phospholipids or triacylglycerols into free fatty 
acids by lipases. The latter uses lipoperoxidase and lipoxygenase to transform unsaturated free 
fatty acids into hydroxyperoxides, which are precursors of volatile secondary lipid oxidation 
products (Heiniö, Kaukovirta-Norja & Poutanen, 2011).  
Hexanal is the primary volatile from lipid-oxidation and thus has been considered as a 
marker of rancidity in many food products, including those containing oat (Heiniö, Lehtinen, 
Oksman-Caldentey & Poutanen, 2002). The compound by itself is commonly associated with a 
green grassy odour (Pino & Febles, 2013) and a distinct beany odour in complexation with other 
chemicals (Bott & Chambers, 2006).  
Hexanal has a very low odour threshold in water, i.e. 3.9 ppb (Ömür-Özbek & Dietrich, 
2008), but its threshold value varies with different food matrices. Plotto et al. (2004) recorded a 
hexanal concentration of 135 ppb as its odour threshold in orange juice. In oat breakfast cereals, 
rancid odour was first noted when the amount of hexanal was in the vicinity of 5 to 10 ppm 
(Fritsch & Gale, 1977).  
To date, there is scant information in the literature regarding the off-odour threshold of 
PVG and hexanal in dairy-based beverages enriched with finely milled oat. Most of the 
published threshold values for the two odours were established in either water or other food 
 126 
 
matrices. Studies have shown that the food matrix bares noticeable influence on the threshold 
values of flavour compounds (Villamor & Ross, 2013). Analytical methods, including high 
performance liquid chromatography and gas chromatography, have been utilised widely to 
evaluate odorous compounds in several systems.  
The consumer‘s nose can also provide sensitive data alongside instrumental detection 
methods. Consequently, it is essential to correlate analytical and sensory data in studying off-
flavour compounds (Ömür-Özbek & Dietrich, 2008). Intensity perception of trained panellists for 
the detection of PVG and hexanal in model beverages during storage can be used to correlate 
human perception and analytical data. In addition, hedonic tests involving untrained panellists 
have been employed to determine the threshold of acceptability of malodorous compounds in 
liquid systems during prolonged storage (Lawless & Heymann, 2010). The objective in this 
study is to determine the odour threshold concentrations of PVG and hexanal as well as their 
acceptability levels in model UHT beverages containing wholegrain oat, skim milk and sucrose 
during prolonged storage at ambient temperature. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 127 
 
4.2 Materials and Methods 
4.2.1 Materials 
Oat powder, skim milk powder, and sucrose were qifted by Sanitarium Health and 
Wellbeing Company (Cooranbong, NSW). The approximate composition of the oat powder, as 
analysed by the supplier, was 60.2% w/w total carbohydrate (includes 29.3% w/w dietary fibre), 
1% w/w total sugar, 16.8% w/w protein, 9.9% w/w fat, 5.2% w/w ash and 6.9% w/w moisture. 
Skim milk powder had 54% w/w total carbohydrate, 34% w/w protein and 1.3% w/w fat. 
Sucrose was manufactured from cane sugar with a total carbohydrate content of 100% w/w. 
p-Vinyl guaiacol (2-methoxy-4-vinylphenol) standard was acquired from Merck KGaA 
(Darmstadt, Germany). Hexanal standard and solvents (methanol, ethyl acetate and hexane) were 
procured from Sigma Aldrich (Castle Hill, Australia). All solvents for chromatographic analysis 
were of HPLC grade. 
4.2.2 Methods 
4.2.2.1 UHT processing  
Samples were prepared by mixing ingredients as detailed in Table 4.1 at room temperature 
(22±1 °C). Defatted oat powder was obtained by twice extracting lipids from oat powder with 
hexane. All samples were homogenised at 3,000 psi and then heated at a temperature of 145±1°C 
with a holding time of 8 s using an indirect UHT unit fitted with a tubular heat exchanger 
(Hipex, Melbourne, Australia). Samples were then filled into sterile containers in a laminar flow 
cabinet and kept at 22±1 °C for a 29-day shelf-life study. Chemical and sensory analyses were 
conducted at 0, 2, 4, 8, 15, 22 and 29 day storage intervals.  
4.2.2.2 Sample preparation before extraction 
At each storage interval, samples were subjected to centrifugation at 3,000 rpm for 20 min. 
After the supernatant was removed, around 3 mg of the solid fraction was retained for lipid-
oxidation volatile analysis (Section 4.2.2.5) and the remainder was vacuum-dried overnight at 37 
°C for phenolic aroma analysis.  
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Table 4.1. UHT model liquid systems. 
Sample Oat powder 
Oat powder 
(defatted)
*
 
Skim milk 
powder 
Sucrose Water 
 
(%, w/w) (%, w/w) (%, w/w) (%, w/w) (%, w/w) 
W1 3 - - - 97 
W2 5 - - - 95 
W3 7 - - - 93 
W4 - 3 - - 97 
W5 - 5 - - 95 
W6 - 7 - - 93 
M1 3 - 2.8 6.7 87.5 
M2 5 - 2.8 6.7 85.5 
M3 7 - 2.8 6.7 83.5 
*
Defatted oat powder was obtained from normal oat powder that had been subjected to a     
defatting process with hexane. 
4.2.2.3 Extraction of p-vinyl guaiacol (PVG) 
Dried precipitate was subjected twice to a defatting process with hexane. Defatted samples 
were then transferred into amber-coloured bottles and mixed with NaOH (2M, 5 mL). A stream 
of N2 was passed through the head-space of the bottles to remove air. The samples were then 
subjected to saponification by placing the bottles on a rotary shaker for 6 hr at ambient 
temperature (22±1 °C) and in dark environment. Following saponification, the samples were 
treated with HCl (3 M) to obtain pH values of about 2.0.  
PVG was extracted from the samples with ethyl acetate (twice the sample volume, three 
times) followed by centrifugation for 20 min at 4,000 rpm. The supernatants collected from each 
extraction were mixed and dried utilising a rotary evaporator at 40 °C (Büchi rotavapor-R200, 
Switzerland). The dehydrated extracts were redissolved in methanol/water (50:50 v/v, 1 mL) and 
passed through a filter with 0.45 μm in size before chromatographic analysis. 
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4.2.2.4 Chromatographic analysis of p-vinyl guaiacol (PVG) 
Chromatographic separation was carried out with HPLC Shimadzu LC-6A liquid 
chromatograph (Tokyo, Japan) with a reverse phase C18 nonpolar column (Polaris C18-A5μ, 
PNA 2000 0.46 x 150 mm, 5 μm from Varian, Germany). An isocratic elution was accomplished 
with mobile phase of methanol: water: acetic acid (49.5%: 49.5%: 1%) for 10 min. The injection 
volume of the sample was 20 μL and solvent flow rate was 1 mL/min. Detection was 
accomplished with a fluorescence detector (Hitachi F1050 fluorescence spectrometer, Tokyo, 
Japan). The excitation and emission wavelength was set as 290 and 335 nm, respectively. 
4.2.2.5 Chromatographic analysis of hexanal 
Hexanal was detected by solid phase micro extraction (SPME) coupled with gas 
chromatography-mass spectroscopy (GC-MS) technique. A 50/30 μm SPME fibre was utilised 
for headspace analysis of oat sample volatiles. The fibre has a 
divinylbenzene/carboxen/polydimethylsiloxane coating (Supelco, USA). Oat samples (obtained 
from Section 4.2.2.2) in glass vials were heated to 60 °C, with the SPME fibre being placed into 
the headspace above the sample. The fibre was left in the headspace for 20 min before injection 
into the GC-MS unit.  
The analysis was performed in HP 6890 series GC system with mass selective detector HP 
5973 (Burwood, Australia). Separation was conducted with a non-polar DB-5 column with the 
following specifications: 0.25 μm, 0.25 mm and 30 m for film thickness, internal diameter, and 
length, respectively. The column temperature was set as follows: 2 minutes at 50 °C, 50-110 °C 
at 10 °C/min, 110-200 °C at 5.7 °C/min, 200-250 °C at 40 °C/min, and 5 minutes isothermal step 
at 250 °C. The carrier gas was helium having 40 cm/s linear velocity. Injection temperature of 
250 °C was employed with a splitless injection mode. Individual separated compounds were 
identified from the GC-MS database (National Institute of Standards and Technology – NIST - 
2011 version). 
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4.2.2.6 Quantification of PVG and hexanal 
Quantification of PVG and hexanal of samples was based on data obtained for calibration 
curves of diluted PVG and hexanal standards, respectively. The PVG standards were prepared in 
methanol/water (50:50) to obtain working concentrations ranging from 10 to 6250 μg/L. These 
were analysed with the same HPLC protocol used in Section 4.2.2.4. The hexanal standards 
ranging from 0.05 to 1000 μg/L were dissolved in water and analysed with the same GC-MS 
protocol reported in Section 4.2.2.5. The peak area was plotted against the concentration for each 
standard to construct the calibration curves. The concentrations of both PVG and hexanal in 
samples were calculated from high quality (R
2
 ≥0.990) regression equations with results being 
reported as μg/g.  
4.2.2.7 Sensory evaluation 
4.2.2.7.1 Panellists  
 Panellists were required for two different sensory activities, namely an aroma intensity 
study and a hedonic study, which are carried out throughout a shelf-life study of oat-based 
samples. Both studies involved academic staff and students from RMIT University. However, 
the 14 panellist undertaking the intensity study were trained to recognize the required odours 
whereas the 40 participants in the hedonic study were untrained. The panellists were provided 
with the following instruments: a Plain Language statement explaining the project, a list of 
ingredients for their approval, a consent form, a training form as well as the appropriate sensory 
form to be used. These implements can be found in the appendix of the thesis. 
 
4.2.2.7.2 Training for the aroma intensity study 
The two-hour training sessions (x2) were conducted over a 2-week period and consisted of 
introducing the study and the aroma of PVG and hexanal in the following way: The panellists 
were given instruction and explanation of the correct procedure for smelling samples and the 
practice of cleansing their palate with lemon juice and dried cracker followed by rinsing with 
water. Samples of known concentrations of each chemical in water were provided for aroma 
familiarity and intensity exercises.  
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The concentrations selected ranged from the reported threshold value in water to the 
maximum concentration likely to occur in this work (Table 4.2). Given the wide range of 
concentrations involved, the samples were identified on a logarithmic scale (Figure 4.1) in terms 
of their difference relative to the threshold value. According to Belitz, Grosch and Schieberle 
(2009), concentration of PVG and hexanal of 100 and 4 μg/L, respectively, correspond to their 
odour threshold in water. 
Once the panellists were familiar with both the nature of the aroma of PVG and hexanal 
and the intensity scale, they were provided with two of three PVG-hexanal mixtures. These were 
labelled as A, B or C and contained the concentrations of PVG and hexanal as recorded in Table 
4.3. The panellists were required to match the intensity of the PVG aroma in a mixture to the 
intensity of the reference samples (P1 to P80) provided. After cleansing their palate, they 
evaluated the aroma of the same mixture but this time for the intensity of the hexanal aroma and 
matched it to the aroma of the appropriate reference samples (H1 to H250) provided. They 
recorded their result on the training instrument, i.e. Figure 4.1. If required, a panellist was 
instructed to repeat the intensity familiarization exercise before attempting to evaluate the 
intensity of the PVG and hexanal aroma of another mixture.  
 
Table 4.2. Labelling of sample concentrations relative to the threshold levels. 
 
 PVG 
μg/L 100 
(threshold) 
200 300 500 700 1000 2000 4000 8000 
Labelled 
as 
P1 P2 P3 P5 P7 P10 P20 P40 P80 
           
Hexanal    
μg/L 4 
(threshold) 
8 20 40 80 100 400 800 1000 
Labelled 
as 
H1 H2 H5 H10 H20 H25 H100 H200 H250 
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Figure 4.1. Odour intensity scorecards for (a) PVG and (b) hexanal. 
 
Table 4.3. Composition of mixtures A, B and C of PVG and hexanal unknown to the panellists. 
Mixture PVG Hexanal 
A 
1000 μg/L 40 μg/L 
P10 H10 
B 
1800 μg/L 8 μg/L 
P18 H2 
C 
400 μg/L 64 μg/L 
P4 H16 
 
 
 
  
 
 
 
a 
b 
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4.2.2.7.3 Aroma intensity study 
The change over time (0 to 29 days) of the intensity of PVG and hexanal in a model-oat 
sample aroma was evaluated. The oat samples used in this study were those prepared as per 
Section 4.2.2.1. At each sensory session, the panellist carried out three activities. They repeated 
the matching exercises as described in the previous Section (4.2.2.7.2) as a reminder of the 
aromas of PVG and hexanal, and to establish their capability to match the aroma intensity 
correctly in single preparations and mixtures. Once completed successfully, they were provided 
with a fresh oat sample as a reference. This oat sample was compositionally identical to W1 (and 
W4 for the defatted storage trial) in Table 4.1. However, it was prepared freshly on each day of 
the sensory trial and rather than being UHT treated it was heated in a 95 °C water bath for 5 min. 
The panellists used this fresh reference sample to familiarize themselves with and ignore the 
aroma of the oats themselves. 
Each panellist was then presented with three UHT-treated oat suspensions in water (W1-
W3 or W4-W6, in Table 4.1). All samples were labelled with a three-digit random number and 
alternated in presentation position to minimize bias. After cleansing their palate, the panellist 
was instructed to match the PVG intensity in the left hand sample to the reference samples (0, P1 
to P80; nine samples according to Table 4.2). This was repeated so that the intensity of hexanal 
in the same sample was matched to the reference samples (0, H1 to H250; nine samples 
according to Table 4.2). These procedures were repeated for the remaining two oat samples. The 
averaged sensory results are plotted against storage time at room temperature and also against the 
quantitatively (chromatographically) determined concentrations of PVG and hexanal present in 
the same oat samples.  
4.2.2.7.4 Hedonic test 
The aim of this test was to assess the acceptability levels of PVG and hexanal in model 
UHT liquid systems containing oat powder, skim milk powder and sucrose throughout a storage 
trial at room temperature. The only training these panellists received was instructions and 
explanation on the correct procedure for smelling all samples and the practice of cleansing their 
palate with lemon juice and dried cracker followed by rinsing with water. 
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The panellists were asked to determine the acceptability of three model UHT liquid 
samples, i.e. M1, M2 and M3 in Table 4.1. To do this, the panellist were instructed to smell a 
reference sample (R) which was deemed to be ‗liked extremely‘ and therefore afforded a score of 
9 on a 9-point hedonic scale (Figure 4.2). Therefore, the acceptability of the model UHT 
beverage could be graded by comparing its aroma with that of an appropriate reference sample. 
The reference samples RL, RM and RR were compositionally identical to M1, M2 and M3 in 
Table 4.1, respectively. However, they were prepared freshly on each day of the sensory trial and 
rather than being UHT treated they were heated in a 95 °C water bath for 5 min. 
All samples (M1, M2 and M3) were labelled with a three-digit random number and 
alternated in presentation position to minimize bias. After cleansing their palate, the panellist 
was required to smell one reference sample and then the corresponding coded sample. The 
panellist, after that, recorded the acceptability of the coded sample relative to the reference 
sample on the 9-point hedonic scale (Figure 4.2). This procedure was repeated for the remaining 
two samples. The averaged sensory results are plotted against storage time at room temperature, 
and the cut-off time for acceptability was deemed to be the time taken to maintain a score of ≥7 
(Like) on the 9-point hedonic scale.   
 
  Figure 4.2. Odour acceptance scorecard for hedonic test. 
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4.3 Results and Discussion 
4.3.1 Oat aroma profile 
Volatile compounds in UHT-treated oat based samples were extracted using solid phase 
microextraction (SPME) and identified with gas chromatography coupled with mass 
spectrometry (GC-MS). The technique is widely employed in food aroma analysis because it has 
an excellent separation capacity being capable of detecting a very low amount of volatiles 
(Stalikas, 2007). In this study, the technique can detect volatiles (i.e. hexanal) as low as 0.05 
μg/L. 
A representative chromatogram of stored UHT-treated single oat samples shows eleven 
volatile compounds, i.e. 2-butanone, pentanal, 1-pentanol, octane, hexanal, 1-hexanol, heptanal, 
2-pentyl-furan, nonanal, dodecane and tridecane (Figure 4.3). They belong to different classes of 
compound, such as aldehydes (pentanal, hexanal, heptanal and nonanal), alcohols (1-pentanol 
and 1-hexanol), alkanes (octane, dodecane and tridecane), furans (2-pentyl-furan) and ketones 
(2-butanone). Klensporf and Jeleń (2005) also observed the presence of pentanal, 1-pentanol, 
hexanal, 1-hexanol, 2-pentyl-furan and nonanal in oat flakes. 
Majority of the volatiles are carbonyl compounds (i.e. aldehydes and ketones) and they are 
formed due to the oxidation of unsaturated fatty acids, mainly linoleic acid. However, a study 
suggested that some aldehydes were products of the interaction between amino acids and 
reducing sugars (Heydanek & McGorrin, 1986). 
It should be pointed out that individual volatiles generate distinct aromas, for example, 
pentanal has been associated with a pungent and almond-like aroma, whereas nonanal has a 
soapy-fruity aroma. Hexanal has been reported to elicit green, grassy and rancid aroma, and 
heptanal generates fat and citrus-like aroma (Zhu et al., 2016). Alcohol compounds, including 1-
hexanol and 1-pentanol, produce flowery and balsamic aromas, respectively (Whitson, Miracle 
& Drake, 2010; Zhu et al., 2016). 2-Butanone is commonly associated with a butterscotch aroma 
(Arora, Cormier & Byong, 1995), while 2-pentyl furan produces a buttery note (Belitz, Grosch, 
& Schieberle, 2009). Octane, dodecane and tridecane are characterised by alkane odour (Acree & 
Arn, n.d.). 
Among the volatile compounds found in our oat samples, hexanal has the highest peak 
(Figure 4.3), and is the product of cleavage of 13-hydroxyperoxides from linoleic acid 
 136 
 
autoxidation (Lehtinen & Laakso, 2004). Hexanal is often used as a marker of oxidative 
rancidity, but Sides et al. (2001) found that some oat flakes samples containing hexanal had an 
acceptable taste. Therefore, they suggested using changes in the level of hexanal as an indicator 
for rancidity in oat based foods instead of its absolute presence.  
Besides volatiles from lipid oxidation, an odour-active phenol known as p-vinyl guaiacol 
(PVG) is observed in the UHT-treated oat samples (Figure 4.4). The compound was detected 
using high performance liquid chromatography (HPLC) fitted with a fluorescence detector. This 
detector is chosen over the commonly employed UV counterpart because it offers enhanced 
selectivity for the detection of fluorescent compounds like PVG (Rouseff, Dettweiler & Swaine, 
1992). In this study, a detection limit of 7 μg/L for PVG is achieved using fluorescence. 
The guaiacol compound contributes a spice-like and medicinal flavour, which is offensive 
and is considered as an off-flavour in many food products such as orange juice, apple juice and 
beer. PVG is the product of either enzymatic or thermal decarboxylation of free ferulic acid 
(Coghe, Benoot, Delvaux, Vanderhaegen & Delvaux, 2004), which is the leading phenolic acid 
in oat. It appears that the UHT process employed in this study induces to a certain extent the 
thermal decarboxylation of ferulic acid into PVG. 
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Figure 4.3. Total ion chromatogram of volatiles extracted from UHT-treated single oat samples: 
(1) 2-butanone, (2) pentanal, (3) 1-pentanol, (4) octane, (5) hexanal, (6) 1-hexanol, (7) heptanal, 
(8) 2-pentyl-furan, (9) nonanal, (10) dodecane, and (11) tridecane. 
 
Figure 4.4. HPLC chromatogram of p-vinyl guaiacol (PVG) in single UHT-treated oat samples 
obtained by fluorescence detection at an excitation and emission wavelength of 290 and 335 nm, 
respectively. 
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4.3.2 Changes in volatile compounds of single UHT-treated oat systems during storage 
4.3.2.1 Content of hexanal and p-vinyl guaiacol (PVG) 
This study focuses on the evolution of two aroma-active compounds (hexanal and PVG) 
during storage, which can have an adverse impact on the organoleptic quality of oat-based 
products. The former is associated with a rancid aroma whereas the latter produces a phenolic 
off-flavour (Chambers IV & Koppel, 2013; Peleg et al., 1992). UHT-treated single oat systems 
with varied levels of oat powder are given in Table 4.1. Samples W1, W2, and W3 refer to oat 
suspensions in water prepared with 3, 5 and 7% w/w finely milled oat powder, respectively 
(Table 4.1). Samples W4, W5 and W6 are compositionally identical to W1, W2 and W3, 
respectively, but the former group is prepared using defatted oat powder.  
Defatted oat powder was obtained by treating oat powder with a non-polar solvent, hexane, 
to remove the free (not bound) lipids from oat powder. The purpose of examining model oat 
samples with defatted oat powder is to assess how one odourant affects the perception of another 
odourant and this will be discussed in the next section (4.3.2.2).  
Hexanal is the main volatile of lipid oxidation process and is often utilised as a marker for 
rancid aroma in high-lipid products, including oat (Heiniö et al., 2002). According to Lehtinen 
and Laakso (2004), the development of a rancid flavour in food products is attributed to the non-
enzymatic oxidation of unsaturated fatty acids. Heat treatment has been shown to promote such 
undesirable reaction in processed oat (Lehtinen, Kiiliäinen, Lehtomäki & Laakso, 2003).   
Changes in the level of hexanal in single UHT-treated oat samples (W1-W6) during 29-day 
storage at ambient temperature are given in Figure 4.5a. The hexanal content ranges from 4.5 to 
28.8 μg/L for samples W1-W3, whereas a much lower content between 0 and 1.4 μg/L of 
hexanal is observed for samples W4-W6. Such low content of hexanal in samples W4-W6 
indicates that the defatting treatment with hexane is effective in removing the free oat lipids, 
which is the majority of lipids present. This view was raised previously by Youngs, Püskülcü & 
Smith (1977) who reported that free lipids constitute about 80% of the total lipids in oat grain. 
In general, we observed a positive relationship between amount of hexanal and oat 
concentration in all samples trialled (Figure 4.5a). For example, the hexanal content in oat 
samples kept for two days increases from 4.9 to 11.4 μg/L when the oat concentration is raised 
from 3 (W1) to 7% w/w (W3), respectively. Prolonged storage at ambient temperature appears to 
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enhance the development of hexanal in all samples. For instance, the content of hexanal 
increases from 10.7 to 28.8 μg/L for sample W3 on day zero and after twenty nine day storage, 
respectively. This increase in hexanal levels is attributed to the oxidative degradation of 
unsaturated free fatty acids, primarily linoleic acid, over time.  
It should be pointed out that even fresh oat samples (W1-W3 on day zero) have traces of 
hexanal that range from 4.5 to 10.7 μg/L. However, this does not indicate that the samples have a 
rancid odour, since the compound is also present naturally in various foods, including vegetables, 
fruits, grains or dairy products (Chambers IV & Koppel, 2013) and can be associated with 
several perceptions (Sides et al., 2001). In contrast, traces of hexanal are not detected in samples 
W4, W5 and W6 during the first week of storage. This is expected as these samples were 
prepared with defatted oat powder from which the free lipids had been extracted.  
Samples W4 and W5 begin to show traces of hexanal, i.e. 0.5 and 0.8 μg/L, respectively, 
after 29 days of storage. However, trace level (0.7 μg/L) of hexanal in W6 was detected earlier, 
at day fifteen, due to the higher concentration of defatted oat powder (7%) present. The presence 
of hexanal in these samples is attributed to the slow release of bound oat lipids during storage, 
which is induced by UHT treatment. This is then followed by hydrolysis of the lipids into free 
fatty acids and subsequent oxidation of unsaturated fatty acids into hexanal. The bound lipids are 
difficult to remove since they can form complexes with oat starch and protein, and this 
complexation influences the functionality of both starch and protein (Parada & Santos, 2016). 
According to Zhou, Robards, Glennie-Holmes and Helliwell (1999), a polar solvent, e.g. water 
saturated n-butanol, is required to remove bound lipids. 
To date, studies evaluating PVG formation during storage have focused on citrus juice. 
Fallico, Lanza, Maccarone, Asmundo and Rapisarda (1996) recorded no trace of PVG in freshly 
squeezed blood orange juice within the first two months of storage at 25 °C. However, they 
detected a considerable amount of PVG, 360 μg/L, after four months of storage. Averbeck and 
Schieberle (2011) demonstrated a two fold increase in the amount of PVG, from 14 to 34 μg/kg, 
in reconstituted orange juice kept for eight weeks at 20 °C. Klimczak and Malecka (2011) also 
reported that PVG levels increased in commercial pasteurised orange juice stored for 2 months at 
28 °C from 0 to 102 μg/L. These studies show that even for the same type of product, the rate of 
PVG synthesis varies because of differences in the fruit or processing method used in orange 
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juice manufacturing. Therefore, it is essential to examine the development of this guaiacol 
compound in different food matrices containing oat during storage. 
PVG is known as the product of either enzymatic or thermal decarboxylation of ferulic 
acid. The former process commonly occurs in the fermentation of alcoholic beverages and is 
achieved using specific enzymes such as hydroxycinnamate decarboxylases, which can be 
produced by various microorganisms, e.g. Saccharomyces cerevisiae (Coghe, 2004). Thermal 
decarboxylation is proposed to be the main mechanism for PVG production in this study as no 
inoculum of micro-organisms is included. Furthermore, the use of UHT process would create a 
commercially sterile condition where no microorganisms can grow (Datta & Deeth, 2007). 
Figure 4.5b illustrates the development of PVG during storage of single UHT-treated oat 
samples (W1-W6) at ambient temperature. It is evident that traces of PVG, ranging from 14.5 to 
47.4 μg/L, are detected in all fresh oat samples on day-zero. This result indicates that the UHT 
process is able to induce degradation of ferulic acid into PVG relatively rapidly. To the best of 
our knowledge, this finding shows for the first time the occurrence and evolution of PVG in 
thermally-processed oat based products. 
The effect of defatting process with hexane on the content of PVG in oat samples has also 
been examined. The amount of PVG in W1-W3 (single oat systems made with finely milled oat 
powder) is in the range of 14.5 to 241.6 μg/L. Similarly, the content of PVG in W4-W6 (single 
oat systems prepared with defatted oat powder) ranges from 14.6 to 237.4 μg/L. This outcome 
indicates that the defatting process has no influence on the content of PVG. 
Similar to the trend for hexanal, there is a positive relationship between oat powder 
concentration and amount of PVG in all samples trialled. For example, as the oat powder 
concentration is raised from 3 (W1) to 7% (W3), the amount of PVG increases from 22.4 to 50.0 
μg/L, respectively, for the two-day samples at 22 °C.  
Besides the effect of oat concentration, this study monitors the progression of PVG during 
storage at ambient temperature. It is observed that PVG rises with storage time for all oat 
samples (W1 to W6). Thus, the levels of PVG on day zero are within 14.5 and 47.4 μg/L, while 
for samples kept for 29 days these are within 115.9 and 241.6 μg/L. This increase in PVG 
suggests that extended storage enhances its synthesis following degradation of free ferulic acid, 
which is in accordance with an earlier finding reported by Naim, Striem, Kanner and Peleg 
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(1988). They recorded an increase in PVG from 200 to 420 μg/L for orange juice kept for 28 
days at 35 °C.  
It should be mentioned that the content of PVG in single oat samples is considerably higher 
than hexanal. For example, PVG varies from 14.5 to 241.6 μg/L (Figure 4.5b), while hexanal 
ranges from 4.5 to 28.8 μg/L (Figure 4.5a). Furthermore, PVG has a higher rate of formation 
compared to hexanal over 29 days of storage at ambient temperature. For instance, we observed 
an 8.5- and 3.8-fold (752.5 and 281.7%, respectively) increase in the content of PVG and 
hexanal for the single oat preparation of W1 kept for 29 days. This suggests that the 
decarboxylation of ferulic acid occurs rapidly compared to the oxidation of unsaturated fatty 
acids. 
 
 
 
 
 
 
 
 
 
Figure 4.5a. Content of hexanal (μg/L) in single UHT-treated oat samples (W1-W6, the 
composition of these samples is given in Table 4.1) stored at 22 °C for 29 days. Analysis for 
zero-day samples were performed 24 hours after UHT processing. Data are expressed as the 
mean of triplicate measurements ± standard error. 
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Figure 4.5b. Content of p-vinyl guaiacol (PVG) (μg/L) in single UHT-treated oat samples (W1-
W6; the composition of these samples is given in Table 4.1) stored at 22 °C for 29 days. 
Analysis for zero-day samples were performed 24 hours after UHT processing. Data are 
expressed as the mean of triplicate measurements ± standard error. 
 
4.3.2.2 Perceived intensity of hexanal and p-vinyl guaiacol (PVG) in single UHT-treated oat 
samples  
Besides the chemical analysis discussed in the previous section, UHT-treated oat systems 
(W1-W6) are evaluated by panellists to determine the development of perceived intensity of 
hexanal and PVG over time. The purpose of these trials is to improve our understanding of 
sensory perception, specifically as it refers to a relationship with the intensity of the aroma of 
interest. It should be noted that predominant sensory analysis reported in the literature centres on 
the description of aroma characterising a product with only a few studies attempting to involve 
panellists in determining the intensity of the responsible aroma. Thus, work which relates 
intensity data (as perceived by panellists) with analytical data will provide insights into an issue 
that is of commercial importance to food manufacturers. 
For these trials, panellists are asked to ‗match‘ the perceived intensity of odours from the 
UHT-treated samples with a range of standard solutions for each odour. This enables the 
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panellists to identify the concentration of the standard that best matches the odour of the specific 
UHT–treated oat sample. Besides discussing the results as shown below, it is also necessary to 
examine the significance of the sensory method used in this study, i.e. how we humans perceive 
odours, what factors are relevant to odour perception and how the aroma intensity, as estimated 
by the panellists, equates or not to the analytically determined quantity of that specific aroma 
present in the same sample. These are the issues deliberated in the following discussion but not 
necessarily in that order.  
The intensity of hexanal in UHT-treated samples (made with normal oat powder, W1-W3 
in Table 4.1) that the panellists perceived increased as a function of storage time (0 to 29 days) 
but not oat concentration within the range of 3 to 7% w/w trialled, as seen in Figure 4.6a. The 
average perceived intensity of hexanal in samples W1-W3 increased 4.5 to 5.0 fold (345% to 
400%) over the 29 days of storage; starting with an initial level of hexanal of 6.0-8.0 μg/L at day 
0 to reach 26.7 - 40.0 μg/L at day 29 depending on oat concentration. It should be noted that 
although average changes suggest that hexanal concentration as perceived by the panellists is 
increasing with oat concentration, an analysis of the distribution (standard error) of the 
panellists‘ perception indicates otherwise. The wide spread in responses from the panellists is 
characteristic of sensory data given the fact that panellists, despite extensive training, have an 
expected difficulty in identifying and quantifying the intensity of specific aromas in the presence 
of background material (Steinhaus, Sinuco, Polster, Osorio, & Schieberle, 2009). In this study, 
the background is created by the oat suspension and reflects the presence of various oat 
molecules, which are affected chemically and structurally by the UHT treatment, in relation to 
both aromas in the oat suspension. As the oat background is also relevant to the relationship 
between the sensorial intensity of the aromas as perceived by the panellists and the analytical 
data for these aromas in the same samples, this is discussed further in the next Section (4.3.2.3).  
As stated above, the intensity of hexanal is perceived to increase over time but does not 
increase with higher oat concentration for the 3 to 7% (w/w) trialled. An explanation as to why 
the oat concentrations (3 to 7% w/w) trialled do not have an effect (proportional or otherwise) on 
hexanal production over 29 days is that the heated oat matrix is interfering with the production or 
availability of hexanal and, furthermore, this effect is not necessarily proportional to the oat 
concentration. The basis of the proposed interference to hexanal production is the likely 
interaction between oat matrix (molecular components and physical structure) and precursors of 
 144 
 
hexanal which in turn ‗restricts‘ the production or, alternatively, the availability (i.e. volatile 
nature) of hexanal for nasal appraisal. This restriction can be chemical in nature or physical and 
the latter creates aggregated structures in the UHT-treated aqueous suspensions of oat powder.  
The only comment that can be made about the likely extent of aggregation within the oat 
matrix is that it would increase with higher concentration albeit not necessarily proportionally.  
The physical interference effect would occur because of the entrapment of hexanal within the 
aggregates, which in turn limits the volatility of hexanal, making it unavailable for detection by 
the panellists when they smell the sample. Although, it may seem reasonable to suggest that the 
interference described here should increase proportionally with the concentration, it is shown 
experimentally that the data in Figure 4.6a for single oat concentrations of 3 to 7% (W1—W6) 
w/w, do not support that contention. It is proposed that the interference involved is in fact 
synergistic, i.e. creation of the final effect of interactions is in fact greater than the simple sum of 
the interactions that are occurring. 
As for the hexanal work, the intensity of PVG (Figure 4.6b), as perceived by the  
panellists, increases as a function of storage time (0 to 29 days) but not oat powder concentration 
within the range of 3 to 7% w/w trialled (single oat systems, W1-W3). However, from day 15 to 
the end of the storage trial, the intensity of PVG, as perceived by the panellists for the 7% w/w 
(single oat system, W3) was significantly different (p<0.05) from the intensities for the other two 
concentrations, 3 and 5% w/w (single oat samples, W1 and W2, respectively).  
The difference in the intensity of PVG, as perceived by the panellists in Figure 4.6b and 
that determined by quantitative analysis in Figure 4.5b is quite conspicuous. This issue is 
discussed in the next Section 4.3.2.3, however, before the storage trial was implemented, it was 
postulated that the odour associated with hexanal might mask the PVG odour in the UHT-treated 
oats and as a result affect perception of the PVG aroma by the panellists. To reduce this 
possibility, the sensory trials include the protocol of thoroughly cleansing the palate before 
evaluating the intensity of each aroma and evaluating first the intensity of PVG of the oat 
samples being tested before analysing the hexanal aroma in the same samples in a session. The 
palate cleansing practise allows time for clearance of any previous aromas from the olfactory 
passage. Nevertheless, to evaluate whether the presence of hexanal is in fact suppressing the 
detection of PVG, oat samples that had been defatted before the UHT treatment (single oat 
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samples, W4-W6), as explained in Section 4.3.2.1, are also evaluated by the panellists. The 
defatting procedure removes the precursors, free fatty acids, of hexanal in the oats.  
The defatted samples (single oat systems, W4-W6) are evaluated by the panellists in the 
same manner as the normal (not defatted) samples (W1-W3). As seen in Figure 4.6a, for the oat 
concentrations of 5 and 7% w/w (single oat system, W5 and W6, respectively), hexanal is 
perceived to be at the threshold level (4 µg/L) by the panellists as early as day 4 of storage. 
Chemically, the effectiveness of defatting the oats is shown in Figure 4.5a. which shows that it is 
not until day 15 of storage that hexanal is detected quantitatively at 0.7 μg/L in sample W6 (7% 
w/w, single oat system). This concentration is well below the threshold in water for hexanal of 4 
μg/L. The relationship between the quantitative analysis and the sensory data is discussed in the 
next Section 4.3.2.3. 
The effect of defatting the oats was to depress the panellist‘s assessment of the PVG 
intensity. For example, as shown in Figure 4.6b, on day 4 of storage, the PVG level of the 
normal (not defatted) 5% w/w oat sample (single system, W2) was assessed by the panellist to be 
equivalent to 320 μg/L, but it was 200 μg/L for the corresponding defatted oat sample (W5). 
Similarly, at day 15, the normal 7% w/w oat sample (single system, W3) was deemed by the 
panellists to have 500 μg/L of PVG, but for the equivalent oat sample (W6) which consisted of 
defatted oats, the estimate was 340 μg/L. So, rather than depressing the impression of the PVG 
intensity, the presence of hexanal is enhancing it for the panellists, that is, overall the presence of 
hexanal is increasing the perceived intensity of PVG present in a sample. The basis of the 
enhancement of perceived PVG intensity in the presence of hexanal, as explained previously, 
should be the occurrence of synergism between the components present, which includes the oat 
macromolecules (fat, carbohydrates, proteins and dietary fibre), the structure of the oat matrix, 
the odorants (hexanal and PVG), and their precursors.  
The synergistic effect, in turn, is affecting the perception of these odours by the panellists. 
For example, if this synergistic effect is physical in nature, then possibly the PVG is physically 
more readily accessible to nasal appraisal in the presence of hexanal. Alternatively, if the 
synergistic effect involves chemical interactions, then possibly PVG is less strongly attached to 
the oat macromolecules in the presence of hexanal. A number of authors (Wiltrout, Dogra, & 
Linster, 2003; Oka, Omura,  Kataoka, & Touhara 2004; Laing, & Willcox; 1983; Livermore, 
Hummel, & Kobal, 1992; Ito, and Kubota, 2005) have discussed the fact that odours can interact 
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with one another and with the substrate material and that these interactions can include 
synergism, antagonism and suppression effects.  
 
 
 
 
 
 
 
 
Figure 4.6a. Panellist perception of hexanal intensity (μg/L) in single UHT-treated oat samples 
(W1-W6, the composition of these samples is given in Table 4.1) stored at 22°C for 29 days. 
Data are expressed as mean of fourteen measurements ± standard error. 
 
 
 
 
 
 
Figure 4.6b. Panellist perception of p-vinyl guaiacol (PVG) intensity (μg/L) in single UHT-
treated oat samples (W1-W6, the composition of these samples is given in Table 4.1) stored at 22 
°C for 29 days. Data are expressed as mean of fourteen measurements ± standard error. 
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4.3.2.3 Correlation between sensory and analytical measurements in single oat samples 
It is of interest to examine how well the intensity data as perceived by the panellists can be 
correlated with the corresponding data obtained by chemical analysis. This is done by plotting 
the two parameters as shown in Figure 4.7a for hexanal and Figure 4.7b for PVG. Ideally, for 
there to be a meaningful correlation between sensory and analytical data, such a plot would show 
a straight line (with a positive gradient) relationship between the quantitative data and the 
sensory data with the line being at a 45° angle to the axes (Chambers IV & Koppel, 2013).  
It is clear from examining Figures 4.7a and 4.7b, that this ideal positive straight line 
relationship is not the case for either hexanal or PVG. In both figures, it can be seen that the plots 
have a similar pattern consisting of two main sections, namely; an initial near vertical section 
followed by a straight line with a positive gradient.  
The initial vertical section of the plots in Figure 4.7a indicates that panellists cannot 
consistently assess hexanal when it is at low aroma intensity. For example, in Figure 4.7a when 
analysis estimated the hexanal concentration for the 3% w/w oat sample (single oat system, W1), 
to be 4.5 – 5.0 μg/L,  the same samples are assessed by the panellist to have a hexanal odour 
intensity ranging from the 6 to 18 μg/L; up to 3 fold greater. It should be noted that Ömür-Özbek 
and Dietrich (2008) stated that the threshold for identification of the hexanal aroma in water is 4 
μg/L. Given that identification of aroma at low intensities, meaning close to their threshold level, 
is a known problem in sensory analysis it can be postulated that estimating odour intensities 
close to the threshold of an odour, likewise would be problematic for panellists. A similar 
vertical trend can be seen for the other two oat concentrations studied, 5% and 7% w/w (single 
oat systems, W2 and W3).  
Interestingly, the vertical data is revealing that the quantity of hexanal present in the initial 
oat samples (W1, W2 and W3) is in a similar proportion to that of the oat concentration, i.e. 
(3/3=1): (5/3=1.7): (7/3=2.3) for 3% w/w, 5% w/w and 7% w/w oat sample, respectively. So, for 
the 3% w/w oat sample (single oat system, W1), the initial level of hexanal based on chemical 
analysis was determined to be about 4.5 μg/L. For the 5% w/w and 7% w/w oat sample (single 
oat system, W2 and W3), the initial level of hexanal based on chemical analysis was determined 
to be 7.8 μg/L and 10.7 μg/L, respectively, producing the same ratios as above. This relationship 
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explains why the vertical components of the plots in Figure 4.7a are sequential rather than 
overlapping. 
The data beyond the vertical segment of the plot, as shown in Figures 4.7a and 4.7b, should 
also be discussed. At a point, the data in those figures for all three concentrations, i.e. 3%, 5% 
and 7% w/w, changes from a vertical line to an effectively straight line relationship (with a 
positive gradient) between the analytical level of hexanal and the intensity level as perceived by 
the panellists. As mentioned earlier in this section, it is a straight line with a positive gradient 
that is the desired relationship between odour intensity determined analytically and perceived by 
panellists. 
Positive-gradient lines produced R
2
 values of 0.97, 0.93, and 0.95 for hexanal for the 3, 5 
and 7% w/w oat samples (single oat sample, W1, W2 and W3), respectively (Table 4.4).  R
2
 is 
referred to as the coefficient of determination and indicates how well the data ‗fits‘ the trend line 
(Bar-gera, 2016). Significantly, the gradient of these straight-trend lines ranges from about 0.57 
to 0.85. The latter is close to the desired gradient of 1.0 for an ideal relationship between 
quantitative and sensory data indicating a 1:1 ratio for the analytical data : sensory data 
perceived by the panellists. 
A similar analysis can be made for the aroma of PVG (Figure 4.7b) and, as mentioned for 
hexanal, the initial vertical section of the figure indicates that panellists cannot consistently 
assess PVG when it is at low aroma intensity. For example, in Figure 4.7b when the analysis 
estimated the PVG concentration for the 5% w/w oat samples (single oat system, W2), to be 
between 30.8 and 41.3 μg/L , the same samples are assessed by the panellist to have a PVG 
odour intensity ranging from 200 to 320 μg/L; 6.5 to 7.7 fold greater.  
When the analytical level of PVG was estimated to be less than the threshold level in 
water (100 μg/L), the trained panellist came to the conclusion that the intensity was greater than 
the threshold level by several fold. This is illustrated by the 5% w/w oat sample just discussed, 
and another example is the 7% w/w oat sample (single oat system, W3) where the analytical 
estimate for PVG is 50 μg/L, (below the threshold for PVG in water), yet the panellist estimated 
the PVG level to be equal to 360 μg/L. In sensory terminology, there is a threshold for detection 
of an aroma and a threshold for identification of an aroma (as well as a threshold for termination, 
which is not relevant here). The former occurs when the panellist perceives or has an impression 
that there is an aroma present but cannot identify what it actually is. On the other hand, threshold 
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of identification of an aroma is exactly what the words suggest; it is the lowest concentration at 
which that aroma can actually be identified by a panellist (Nicolai & Pohl, 2005). Usually, the 
threshold of identification requires a concentration that is 10 fold higher than that of the 
threshold for detection.   
Olsson (1998) pointed out that the availability of the aromas being evaluated in a 
multicomponent system is a major factor in the ability of a panellist to identify a specific odour. 
Furthermore, he added that ‗higher order mixtures‘ i.e. beyond binary, are regarded as being 
difficult for panellists. These studies although referred to as single oat systems are in fact a 
multicomponent system. This is because, besides the two odours in question, the oats themselves 
are multicomponent and have a distinct aroma of their own. The oat odour is associated with the 
effect of the UHT treatment on the various molecules present, particularly the proteins. To assist 
with distinguishing the background odour associated with the oats, the panellists are asked to 
smell a freshly heated oat sample with the same composition as the sample to be tested. They are 
then asked to disregard the background odour associated with the oats when they are discerning 
each of the required odours (hexanal and PVG). The above information may help explain why 
the panellists found it difficult to evaluate samples at the threshold levels of the two aromas in 
question.  
 
Despite the sample complexity described above, the straight line component of the plots 
in Figure 4.7b gave R
2
 values of 0.99, 0.97 and 0.97 for the 3, 5 and 7% w/w (single oat samples, 
W1, W2 and W3), respectively (Table 4.4). The gradient of the straight trend lines for PVG data 
also ranges from 0.68 to 0.81. 
The question is how well did the perceived increase in intensity of hexanal by the panellists 
correlated with the analytical data quantifying hexanal in the same samples. Although, the 
positive straight line relationships between the data (analytical versus sensory) discussed above 
initially look promising, on further examination, it is noted that the perceived intensity of the 
aroma for hexanal and PVG as determined by the panellists is consistently higher than the 
concentration determined analytically for the same two aromas in the same oat samples.  For 
example, when comparing the change in hexanal throughout the 29 days of the storage trial, the 
hexanal intensity, according to the panellists‘ perception increases from about 6 μg/L initially to 
reach about 40 μg/L at day 29 (samples W1-W3 in Figure 4.6a). This is, in effect, a 4.5-5 fold 
(i.e. about a 345-400%) increase for samples W1-W3 from day 0 to day 29. It is significantly 
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(p<0.05) greater than the 2.7 to 3.8 fold (168.4 to 281.7% for the same samples W1-W3, Figure 
4.5a) increase in hexanal as determined analytically which is associated with an initial level of 
hexanal of 4.5-10.7 μg/L to reach 17.1-28.8 μg/L at day 29 (Figure 4.5a).  
A similar trend in the data as described for hexanal can be shown for PVG intensity. This 
raises the obvious question – why did the panellists perceive a stronger hexanal intensity than the 
analysis suggests was actually present? As mentioned earlier, the predominant approach reported 
in the literature seems to be the use of panellists to fully describe the aromas associated with a 
selected product and confirm the presence of those aromas analytically. This means that the 
literature is of little help in explaining why it is that the panellists consistently rated the intensity 
of both hexanal and PVG higher than that determined analytically. The following is a discussion 
as to the possible cause of that observation for all concentrations and throughout the storage trial.  
In regards to the experimental protocol, it could be argued that the sensitivity of the 
analytical methods is lower than the sensory perception. However, solid phase microextraction 
and gas chromatography-mass spectroscopy technique employed can detect levels as low as 0.05 
μg/L for hexanal whilst the olfactory system is known to be able to detect hexanal only to 4.5 
μg/L (Belitz et al. 2009). So, lack of instrumental sensitivity is not a likely explanation for the 
trend described above. The analytical method employed in these studies would detect all the 
hexanal present, which is a product of oxidation from mainly free fatty acids. Oat samples W4 to 
W6, which are defatted, did not show any hexanal until day 15 (Figure 4.6a). In the case of 
defatted samples, the hexanal comes from bound lipids that are liberated over the storage time 
and then further oxidised. Overall, given the sensitivity of the analytical method employed, 
instrumental analysis is unlikely to be the cause of the discrepancy between the analytical and 
sensory data outlined above. 
In terms of sensory evaluation, could it be that the perception of intensity by panellists is 
wanting because of one or more of the following: protocol limitations used for the intensity 
study, or expectation. It is possible that the mere detection of an aroma by the panellists was 
‗associated‘ or confused with the identification of that aroma. This may have occurred because 
panellists are expecting to smell these aromas so they could be responding to that ‗expectation‘. 
In sensory evaluation of products, there is a constant challenge to minimize the tendency of 
panellists to have preconceived ideas i.e. expectations, which can bias the data obtained from 
them. (Deliza, MacFie, & Hedderley, 1996). Curiously, this problem of having preconceived 
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idea as to what should happen, in fact, goes beyond sensory, it is a human trait, that scientists 
have to relentlessly deal with. 
 Given that the panellists were thoroughly trained to correctly identify and quantify the two 
odours during training, the most likely explanation of the difference between the analytical and 
sensory data with respect to hexanal or PVG concentrations lies in the method used to evaluate 
odour intensity. The fact that the panellists were comparing a single UHT-treated oat sample 
with a pure solution of hexanal in water at various concentrations means that they were not 
comparing ‗like‘ with ‗like‘ i.e. the standard solutions of hexanal were not UHT-treated for 
obvious reasons nor did they contain any oats. Heating the standard pure solutions of hexanal to 
the UHT temperature of 145 °C would create more complexity in terms of changes in the nature 
of the chemical compound.   
The more significant fact is that the standard solutions did not contain UHT-treated oats or 
any oats. The issue is that the oats themselves have their own characteristic aroma and clearly as 
the concentration increased from 3 to 7% w/w, this background odour would also increase in 
intensity. It is proposed that the matrix of UHT-treated oats ‗accentuated‘ the hexanal off-odour 
by some unknown interaction within the components of the matrix. That synergism could be 
either physical or chemical in nature, as it has been described previously. According to the 
literature, there is some evidence of odours interacting with the background matrix and with 
other aromas to intensify their perception (Ferrer-Gallego, Hernández-Hierro, Rivas-Gonzalo & 
Escribano-Bailón, 2014). 
It could be suggested that rather than using pure standard solutions of varying 
concentrations of hexanal as reference, the protocol should have been to include adding UHT-
treated oats to the standards. However, it is the considered opinion of this author that this 
approach is not likely to address the problem. This is because the addition of pure hexanal to a 
UHT-treated oat suspension is unlikely to result in the same hexanal-oat matrix relationship as 
would be occurring in a UHT-treated oat suspension. There is also a practical limitation to this 
approach as it would require the preparation of 6 sets of UHT-treated oats (W1 to W6) as part of 
the reference materials. Besides the workload involved, another limitation of this approach 
would be that the panellists might find the multiple array of references confusing to produce 
precise responses.  
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Figure 4.7a. Correlation between hexanal concentration (μg/L) and its perceived intensity (μg/L) 
in UHT-treated single oat samples made with normal oat powder (W1-W3, the composition of 
these samples is given in Table 4.1) stored at 22 °C for 29 days. 
 
 
 
 
 
 
 
 
Figure 4.7b. Correlation between p-vinyl guaiacol (PVG) concentration (μg/L) and its perceived 
intensity (μg/L) in UHT-treated single oat samples made with normal oat powder (W1-W3, the 
composition of these samples is given in Table 4.1) stored at 22 °C for 29 days. 
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Table 4.4. Regression equations
a
 from the correlation of the analytical and sensory data for 
hexanal and PVG. 
a
Regression equations are based on the positive-gradient straight lines in Figures 4.7a and 4.7b  
b
Composition of samples W1-W3 is given in Table 4.1. 
4.3.2.4 Odour activity values (OAV) 
In this section, the issue of which of the two odours, hexanal or PVG, dominates 
throughout the storage trial is discussed. However, before this, it is necessary to discuss the 
following sensory issue. The question is ―Is 100 μg/L of PVG 25 times more intense in odour 
than 4 μg/L of hexanal, when both odours are at their threshold of identification at these 
concentrations?‖  In general, the actual question being asked is ―Does the quantitative value of 
an odour reflected accurately the actual intensity of an odour as perceived by panellists?‖  The 
answer is clearly no because analytical aroma levels, although meaningful for fundamental 
studies, are not so important for sensory perception studies involving the comparative effect of 
the aromas for which the perceived intensity of the aromas is more significant. This issue is 
pertinent to these studies because not only are the threshold intensities significantly different (4 
μg/L of hexanal versus 100 μg/L of PVG) but the perceived amount present in the oat samples is 
also significantly different as Figure 4.6a and 4.6b show; with hexanal ranging only from 6 to 40 
μg/L whilst PVG ranges from 100 to 566.7 μg/L. 
  So, to avoid comparing the numerical values as determined analytically, the perceived 
intensity as determined by the panellists of each odour is modified to reflect the fact that each 
odour has a different threshold. Thus, the perceived odour intensity values for hexanal in samples 
Samples Regression equation
a
 R
2 
Hexanal 
W1
b
 y = 0.6285x + 16.921 0.97 
W2
 b
 y = 0.5667x + 18.896 0.93 
W3
 b
 y = 0.8535x + 17.874 0.95 
PVG 
W1
 b
 y = 0.8138x + 196.65 0.99 
W2
 b
 y = 0.6757x + 295.85 0.97 
W3
 b
 y = 0.7138x + 393.7 0.97 
 154 
 
W1-W3 are divided by 4 μg/L; the threshold for hexanal‘s aroma. Similarly, the perceived odour 
intensity values for PVG of the same samples are divided by 100 μg/L; the threshold for PVG‘s 
aroma. This arithmetic adjustment creates what is called the ‗odour activity value‘ (OAV) 
(Dharmawan, Kasapis, Sriramula, Lear & Curran, 2009). The OAV values of each aroma are 
plotted in Figure 4.8 where the oat concentration, ranging from 3% w/w (sample W1) to 7% w/w 
(sample W3) w/w, does not seem to alter this parabolic relationship in any significant way. From 
the equations for the plots in Figure 4.8, it can be shown that hexanal odour is generally more 
strongly perceived by the panellists than PVG. However, Figure 4.9, which shows the 
relationship between the ratio of OAV of PVG / OAV of hexanal, as a function of time, answer 
the question of which odour predominates more clearly. 
According to Figure 4.9, initially, the PVG aroma dominates as the OAV ratio is ≥1 at time 
zero (day of manufacturing). However, for the remaining 29 days of the storage trial, the hexanal 
odour was perceived by the panellist to be more intense than PVG aroma as the OAV ratio was < 
1. In fact, the OAV ratio is close to 0.5 (0.6 for the higher concentrations of 5% and 7% w/w, 
and 0.4 for the 3% w/w concentration of the oat suspension trialled), indicating that the hexanal 
odour has twice the aroma ‗strength‘ or twice the sensory activity of PVG. This occurred despite 
the fact that the perceived intensity of both odours did increase with storage time, as shown in 
Figures 4.6a and 4.6b.  
A possible explanation as to why the perceived PVG aroma appears to dominate initially is 
related to the precursor of the PVG aroma, i.e. ferulic acid. Free ferulic acid on decarboxylation 
will produce PVG and it does so rapidly suggesting that PVG odour will be produced rapidly. 
Furthermore, ferulic acid can also be involved in other chemical activities such as being an 
antioxidant. If it is acting as an antioxidant then it cannot be producing PVG but it can be 
reducing hexanal development, which relies on free fatty acid oxidation.  
Why perceived hexanal aroma dominates with storage time could be related to the 
decreasing availability of ferulic acid over time. This is in turn, further limits PVG development 
but by contrast, hexanal levels are able to increase. A problem with the above explanation is the 
fact that the analytical levels of PVG as shown in Figure 4.5b are increasing at a faster rate over 
time than the hexanal levels. To counter this, it must be remembered that the analytical data is 
‗over shadowed‘ by the importance of the perceived intensities of these two aromas, for which, 
the amount of hexanal required is far less than the amount of PVG.   
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The lack of dependence of the dominating odour on the oat concentrations (i.e. within the 
range of 3-7% w/w) trialled during storage is commercially significant. This enables a 
manufacturer to disregard the effect of oat concentration, within the range of 3% w/w to 7% w/w 
(in a single oat system), on product shelf-life with respect to malodorous odours. Consequently, 
the manufacturer can concentrate on other aspects of product development such as texture, 
specifically, viscosity to evaluate liquid product acceptability. The dominance of hexanal aroma 
over PVG aroma in the oat suspensions throughout the 29 days of storage is also of interest. It 
was shown in an earlier Section 4.3.2.2 that hexanal can enhance PVG aroma and, despite this, 
hexanal is still the predominated aroma in comparison to the PVG aroma during storage. 
The next issue that needs to be addressed is to determine the relative ratio of these two 
malodours odours in a sample that is deemed by the panellists not to be acceptable. That study is 
discussed in Section 4.3.3.  
 
 
 
 
 
 
 
 
Figure 4.8. Correlation between the odour activity values (OAV) of hexanal and PVG in single 
UHT-treated oat samples prepared with normal oat powder (W1-W3, the composition of these 
samples is given in Table 4.1) stored at 22 °C for 29 days. Odour activity value (OAV) is the 
ratio of individual odour‘s perceived intensity and its respective sensory threshold. 
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Figure 4.9. Relative contribution of PVG‘s OAV to hexanal‘s OAV over 29 days of storage at 
22°C. 
4.3.3 Changes in flavour characteristics of mixed UHT-treated systems during storage 
 
4.3.3.1 Content of hexanal and PVG in mixed UHT-treated samples 
Besides single UHT-treated oat preparations (samples W1-W6 in Table 4.1), this study 
monitors the evolution of hexanal and PVG in mixed UHT samples containing normal oat 
powder, skim milk powder (SMP) and sucrose (samples M1-M3 in Table 4.1). The 
concentrations of skim milk powder and sucrose are identical in all mixed samples, i.e. 2.8 and 
6.7 % w/w, respectively. However, the levels of oat powder are varied, i.e. 3, 5, and 7% w/w for 
samples M1, M2 and M3.  
Inclusion of common food ingredients (skim milk powder and sucrose) appears to produce 
a considerable effect on the amount of hexanal in UHT-treated mixed samples during 29-day 
storage at ambient temperature (Figure 4.10a). The mixed samples containing protein and 
sucrose possess a slightly lower content of hexanal, i.e. 3.8–21.6 μg/L (samples M1-M3 in 
Figure 4.10a), as compared to the single oat samples prepared with normal oat powder and in the 
absence of milk protein and sucrose, i.e. 4.5-28.8 μg/L (samples W1-W3 in Figure 4.5a). The 
reduced content of hexanal in all mixed samples is likely due to the interactions between the 
volatile and macromolecus, in particular milk protein, upon heating.  
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UHT treatment induces milk protein denaturation leading to the unfolding of the binding 
sites (e.g. amino acid side chains, terminal ends and hydrophobic pockets) that were previously 
concealed (Kühn, Considine & Singh, 2006; Wang & Arntfield, 2014). These sites then become 
available for complexation with volatile compounds, such as hexanal. This outcome is in 
accordance with Wang and Arntfield (2015) who demonstrated that heating promoted the 
binding between hexanal and canola protein isolates, and such phenomenon was enhanced with a 
longer heating time. According to Li, Grün and Fernando (2000) the interaction between aroma 
compounds and soy or pea proteins was spontaneous and thermodynamically favourable. 
Nevertheless, a number of studies have reported a decreased binding between aroma 
compound and protein after thermal process. Chobpattana, Jeon, Smith and Loughin (2002) 
found that heated bovine serum albumin (BSA) preparations had a higher content of free 
vanillin, as compared to the non-heated counterparts. Another study reported the absence of 
BSA-vanillin binding following denaturation of the protein (Burova, Grinberg, Grinberg & 
Tolstoguzov, 2003). Such reduction in the protein-aroma molecule complexes may be caused by 
the preferential formation of pure protein aggregates following thermal denaturation, which can 
then liberate the aroma compounds from the binding locations (Kühn et al., 2006). 
A similar effect of SMP and sucrose addition is noted for PVG where the single oat 
samples possess higher levels of PVG compared to the mixed counterparts containing the 
macromolecules. For instance, a single oat preparation with 3% w/w oat powder (sample W1) 
kept for 29 days has a PVG content of 123.3 μg/L (Figure 4.5b), whereas the mixed sample with 
the same oat concentration (sample M1) possesses a 35.8 μg/L of PVG (Figure 4.10b). 
It is postulated that the substantial reduction in the levels of PVG following inclusion of 
milk protein and sucrose is a result of the complexation between PVG and milk protein. The 
UHT process is able to induce binding between PVG and milk protein, and such complexation 
reduces the availability of PVG for extraction. Complexation between protein and PVG is also 
evident in the study of Reiners, Nicklaus and Guichard (2000) finding that the flavour compound 
binds to the hydrophobic pockets of β-lactoglobulin. 
It should also be mentioned that the addition of milk protein and sucrose appears to 
produce a greater decrease in the content of PVG, as compared to that for hexanal. For instance, 
in the case of samples with 5% w/w oat powder, we observed a considerable decrease in the 
PVG level of 0.76-fold (75.7 %) from 182.1 (sample W2 in Figure 4.5b) to 44.3 (sample M2 in 
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Figure 4.10b) μg/L for single and mixed samples, respectively, kept for 29 days at room 
temperature. By comparison, the content of hexanal decreased by 0.14-fold (14.5%) from 22.8 
(sample W2 in Figure 4.5a) to 19.5 (sample M2 in Figure 4.10a) μg/L for single and mixed 
samples, respectively, at day 29. This outcome suggests that there is a stronger interaction 
between protein and PVG, as compared to the protein-hexanal counterparts. 
The progression of hexanal and PVG in mixed samples as a function of storage time 
follows a similar trend to that of single oat counterparts during 29-day storage at 22 °C. For 
instance, the hexanal content for sample M1 increases from 3.8 to 15.1 μg/L at zero and twenty 
nine day storage, respectively (Figure 4.10a). In the case of PVG, a rise from 9.4 to 35.8 μg/L is 
noted for the same sample (M1) stored from zero to twenty nine days (Figure 4.10b). These 
outcomes are in accordance to the previous findings in Section 4.3.2.1 in regards to the evolution 
of the two odourants in single oat samples during storage at ambient temperature. 
Furthermore, a positive relationship between oat powder concentration and levels of 
hexanal or PVG in mixed samples is observed over 29-day storage at 22 °C. For instance, results 
display an increase in the amount of hexanal and PVG from 4.1 to 11.1 μg/L and from 11.9 to 
18.4 μg/L, respectively, when the concentration of oat powder is raised from 3 (M1) to 7% (M3) 
for samples kept for 2 days at 22 °C (Figures 4.10a-b). 
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Figure 4.10a. Content of hexanal (μg/L) in mixed UHT-treated samples (M1-M3, the 
composition of these samples is given in Table 4.1) stored at 22 °C for 29 days. Analysis for 
zero-day samples were performed 24 hours after UHT processing. Data are expressed as the 
mean of triplicate measurements ± standard error. 
 
 
 
 
 
 
 
 
 
Figure 4.10b. Content of p-vinyl guaiacol (PVG) (μg/L) in UHT-treated mixed samples (M1-
M3, the composition of these samples is given in Table 4.1) stored at 22 °C for 29 days. Analysis 
for zero-day samples were performed 24 hours after UHT processing. Data are expressed as the 
mean of triplicate measurements ± standard error. 
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4.3.3.2 Acceptability of mixed UHT-treated samples 
For this part of the study, mixed UHT-treated samples were considered acceptable if the 
panellists rated them with a score of >7, i.e. liked. According to the data in Table 4.5, mixed 
UHT-treated samples trialled were rated between an average score of 8 (maximum score in Table 
4.5 is 8.05), i.e. liked very much, to an average score of 6.86, i.e. almost liked. So, from the day 
of manufacturing until the completion of the sensory storage trial of 29 days at room 
temperature, mixed UHT-treated samples are deemed by the panellists to be acceptable. 
Significantly, the analytical data reported in the previous Section 4.3.3.1 indicated that the 
presence of additional protein from the skim milk did have the effect of suppressing the quantity 
of hexanal and PVG produced during storage, as opposed to samples in the absence of the co-
solute. This effect alone may have been enough to reduce the panellists‘ perception and therefore 
objection to potential malodorous odours. Thereby, the time for which the oat samples are 
deemed to be acceptable has been extended.  
A key objective of this hedonic study was to determine the level of hexanal and PVG 
aroma at the time the panellist deemed the UHT-treated oats to be unacceptable (i.e. a score of ≤ 
7). The samples, irrespective of oat concentration, are deemed by the panellists to still be 
acceptable after 29 days of storage, that is, the average hedonic score is >7. At this time, the 
PVG content ranged from 35.8 to 58.4 µg/L (Figure 4.10b), i.e. well below its threshold of 100 
µg/L. By contrast, the hexanal content ranged from 15.1 µg/L to 21.6 µg/L, which is three to five 
times its threshold of 4 µg/L (Figure 4.10a), yet the samples are still deemed by the panellists to 
be acceptable.  
A sensory trial attempting to determine the degree of ‗liking‘ – ‗not liking‘ of a product 
usually uses a hedonic scale starting with a low score for extremely disliked to a high score for 
the opposite; extremely liked (Lim, 2011). This is what was done in these trials where 1 was 
labelled as extremely disliked through to 9 being labelled as extremely liked. However, the 
sensory trial carried out in these studies included an important variation. To determine the level 
of ‗liking‘ by the panellist, the samples of stored UHT-treated oats (combined with skim milk, 
sugar and water) were compared with samples with the same composition but which had been 
freshly prepared on the day of testing. That is, the stored oat samples were not evaluated ‗on 
their own merit‘ in isolation – as is the usual practice for any hedonic sensory trial. Furthermore, 
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the panellists were informed that the reference sample, that is, the freshly prepared sample was 
given a rating of 9 (extremely liked).  
The reason for these important variations is the fact that the model samples of UHT treated 
oats with skim milk, sugar and water are by no means close to a commercial product. Nor were 
they meant to be as this study involved a well-defined model liquid system using limited 
ingredients rather than the extremely complex matrix normally associated with commercial 
products. It was noted that this had the expected effect that the panellist did not like the model 
samples at all even when first produced (data not shown). So, the question was how to determine 
when the stored UHT-treated model samples had become unacceptable if they were already 
rather unacceptable from the start of the storage time. The solution was, as described above, not 
to ask the panellist to rate the level of liking of the samples directly but rather to evaluate the 
level of difference in liking to the freshly prepared sample if that freshly prepared sample was 
deemed to have an acceptability rating of 9.  
It might be tempting to refer to this modification in procedure as changing the hedonic 
liking trial to a ranking trial. However, this is not entirely correct as a ranking trial would require 
the panellists to rank both the stored and freshly prepared sample against one another, which was 
not the case in the modified hedonic trials. However, it does raise the question: why not rank 
both the stored and freshly prepared sample against one another? The answer is that the data 
provided would need to be manipulated to determine the ‗difference‘ in ranking of the fresh 
versus the stored sample to determine the level of deterioration of the stored sample over time if 
this type of ranking trial was used. This, in turn, could make it difficult to compare the effect of 
time or concentration on the development of odours and therefore determine the degree of liking. 
So, the more direct approach of comparing the stored UHT-treated oat sample against its 
equivalent freshly prepared sample was implemented. Modifying standard text-book sensory 
procedures to answer the required technical question being asked is both scientifically justifiable 
and not an uncommon event in the literature (Lawless & Heymann, 2010; Lim, 2011).  
Another technical issue that must be addressed is the choice of ≤ 7 as the limit of 
acceptability for the hedonic scale of 1 to 9. Normally, it might be thought that the cut-off should 
be a score of 5, that is, the UHT-treated oat samples were neither liked nor disliked. This 
approach was rejected for the following reason. It was believed commercially a product to be 
accepted by consumers would need to be at least liked i.e. attain a score of at least 7. The 
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reasoning is based on the fact that the viability and growth of the food industry is dependent on 
repeat purchases of their products, not once only purchases (Wettstein & Hanf, 2009). To have 
consumers buy the product again, they would need to at least ‗like‘ the product i.e. the product 
would achieve a score of 7.  Thus, consumers are more likely not to buy a product again if they 
neither like nor dislike the product, i.e. the product is given a score of 5.  
 
Table 4.5. Acceptability
a
 based on a 9-point hedonic scale of fresh and stored UHT-treated 
samples. 
Storage time 
(Days at room 
temperature) 
 
 
 
Hedonic score
a
 for the following mixed UHT-treated samples 
M1
b
 M2
b
 M3
b
 
0 (fresh)  7.91 ± 0.15 7.90 ± 0.14 8.03 ± 0.17 
2  7.75 ± 0.17 7.54 ± 0.18 8.00 ± 0.18 
4  7.63 ± 0.14 8.05 ± 0.14 8.00 ± 0.12 
8  7.88 ± 0.14 7.90 ± 0.14 8.03 ± 0.15 
15  7.85 ± 0.19 7.66 ± 0.21 7.50 ± 0.23 
22  7.60 ± 0.19 7.40 ± 0.21 7.11 ± 0.23 
29  7.11 ± 0.20 7.08 ± 0.21 6.86 ± 0.26 
  a
Results are expressed as mean of thirty measurements ± standard error. 
  b
Composition of samples M1-M3 is given in Table 4.1. 
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4.4 Conclusions 
Odour development in oat-based products is typically associated with the volatiles from 
lipid-oxidation, mainly hexanal, which generates a rancid odour. Besides hexanal, this study 
shows for the first time the presence and evolution of p-vinyl guaiacol (PVG) in UHT treated 
oat-based products, which is associated with a phenolic off-flavour. Oxidation of free fatty acids 
and thermal decarboxylation of ferulic acid, which are induced by UHT process, are found to be 
the primary contributors of the presence of hexanal and PVG, respectively. Prolonged storage at 
room temperature also increases the synthesis of the two flavour compounds, with the PVG 
production occuring at a faster rate than hexanal. Results suggest that the formation of 
complexes between the added protein and the aroma compounds from wholegrain oat reduces 
the content of both aroma compounds, with the levels of PVG being reduced in a greater degree 
compared to that for hexanal.  
Having trained panellist evaluate the aroma intensity over time of not one odour but two 
(hexanal and PVG) in the presence of oats, which are themselves complex, is a significant and 
useful activity. However, the level of difficulty in discerning the intensity of these aromas 
correctly in the presence of UHT–treated oats, which also have a distinctive odour, is very 
challenging for the panellists. So, the extent of training for such a panel is a significant issue 
depending on whether the panellists are meant to be ‗instruments‘ or closer to consumers in their 
ability to discern and assess aromas. Correlating the aroma intensities as perceived by the 
panellists with the analytically determined quantity of the aromas, highlights the value of such a 
study. That is combining fundamental precise analysis with imprecise sensory panellist data 
improves the usefulness of the sensory data gathered and is commercially meaningful.  
Of commercial importance is the fact that the oat concentrations trialled do not affect the 
aroma intensity as perceived by the panellists. Although both aromas increased with time, it is in 
fact the hexanal aroma that is the dominant aroma even though hexanal is also shown to enhance 
the intensity of the PVG aroma as transitioned from defatted to normal oat powder samples. In 
the hedonic study undertaken, the samples at all three concentrations trialled remained 
acceptable for the length of the study. So, it is not possible to establish the quantity of each 
aroma at the time samples would be deemed by the panellists to be unacceptable and therefore 
gain an understanding of the aroma threshold for unacceptability. Finding a threshold of 
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acceptability for the two odours individually or collectively in oat suspensions in the presence of 
co-solute with industrial relevance would be of interest. 
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       The purpose of this chapter is to provide an overview of contemporary developments in the 
field that led to this research, summarise results obtained from the current study, and make 
recommendations for further work. 
7.1 Conceptual basis of the project 
Chronic health conditions, including cardiovascular disease (CVD), cancer, diabetes, 
musculoskeletal pain and mental disorders, are steadily rising in prevalence worldwide and are 
also the predominant cause of illness or premature mortality for multiple demographic groups 
and a major adverse impact to Australia‘s economic prosperity. Recent statistics showed that in 
2009-10, health expenditure on chronic disease was 65 billion AUD in which the three main 
conditions of CVD, cancer and diabetes account for a total of $13.7 billion AUD (AIHW, 2013). 
This state of affairs is strongly associated with trends in overweight and obesity, and therefore 
can be prevented or delayed by addressing the lifestyle factors of poor diet or insufficient 
exercise (Fardet & Boirie, 2014).  
The literature in this area strongly argues that consumption of wholegrain fibre, with oat 
grain featuring prominently, considerably reduces the prevalence of chronic disease and slows 
age related functional decline (Liu, 2007; Serafini, 2006). Insoluble dietary fibre found in oat 
wholegrain is rich in phytochemicals that can help against oxidative stress (leading to the 
aforementioned pathophysiological conditions in the body) via the antioxidant activity of 
phenolic compounds (PC). The activity of intestinal and microbial esterases within the human 
lower gut is able to release insoluble-fibre linked PC, which are then absorbed and transferred to 
the blood stream where they provide the required free-radical scavenging property (Vitaglione et 
al., 2008). Availability, affordability and popularity of wholegrain processed foods rich in oat 
are, therefore, critical strategies for minimising the risk factors in the occurrence of chronic 
disease. 
In response to the aforementioned nutritional considerations and consumer awareness of the 
benefits of a healthful diet, this research project was conceived by the need to add value to a 
range of products marketed by a leading food company in the Australian and New Zealand 
markets, Sanitarium Health and Wellbeing Company. It gained appeal, through a joint grant 
application with the Discipline of Food Sciences at RMIT, with the Australian Research Council 
that led to an award of a Linkage project. This paved the way of increasing the amount of 
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valuable ingredients, in particular oat grain in processed formulations, which should be safe and 
stable over a long period of storage at ambient temperature and possess, along with an improved 
nutritional profile, a desirable organoleptic attribute for increased likelihood of acceptance by the 
consumer.  In doing so, the food industry aims to develop beverages including liquid breakfast 
and a variety of gel-like textures in the presence of finely milled oat particles. This is achieved 
by using advanced thermal processing that is able to incorporate high levels of soluble fibre and 
their insoluble counterparts, hence facilitate increased antioxidant consumption. 
7.2 Conclusions from the PhD research  
The work started by identifying important ingredients in processed formulations of liquid-
like and solid-like food products that contain wholegrain oat. It dealt with the chemistry and 
conformational properties of polysaccharides in their soluble guise, known as food 
hydrocolloids, and their insoluble affiliates coming from food grade oat. It showed that although 
food hydrocolloids are simpler in their basic chemistry than proteins, for example gelatin used in 
this work, they have greater ultimate complexity due to the many permutations of the simple 
sugar repeat units that are reflected in a variety of structural properties (Schrieber & Gareis, 
2007).  Thus the utility of food hydrocolloids to act as viscosifiers, gelling and textural agents 
was treated in some detail in relation to potential product applications. That was contrasted with 
the function of insoluble dietary fibres as components of cereals and plant cell walls, e.g. 
cellulose, hemicellulose and lignin, having limited water binding capacity and being slowly 
fermentable in the colon of the human digestive tract (Dreher et al., 2001). The point was made 
that unlike soluble fibre/food hydrocolloids, the latter can bind bioactive phytochemicals 
(especially phenolics) associated with many health benefits due to their antioxidant properties. 
Phenolic compounds in particular, which are the interest of this study, are covalently bound to 
high molecular weight and insoluble cell components of lignin, polysaccharides and structural or 
storage proteins (Meydani, 2009). It was also acknowledged that advanced thermal processing, 
beyond the time consuming and product quality diminishing technique of pasteurisation, in the 
form of UHT treatment is needed to successfully process the phenolic compounds during the 
design of formulations of commercial interest.  
Given the complexity of this endeavour in identifying the techno-functionality and bio-
functionality of milled oat particles, which is the main ingredient of importance in this work, 
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suitable methods had to be identified to address their dual functionality. Structural properties of 
the powder governing to a large extent the textural properties of liquid-like and solid-like 
materials were monitored successfully with steady shear viscosity to assess large deformation 
properties and dynamic oscillation to assess small deformation properties of materials 
(Gunasekaran & Ak, 2000; Malkin, 2006). These were complimented by differential scanning 
calorimetry to identify the thermal fingerprints of carbohydrate and protein constituents of oat 
powder (Raemy et al., 2009). Al along, it was ensured that the morphology and particle size of 
oat powders were suitable for inclusion, as a suspended filler phase, within liquid or solid 
matrices for the development of various formulations. In addition to physicochemical techniques, 
an armoury of protocols and analytical techniques was developed to cope with the demands of 
identifying potential bioactivity in model systems. In doing so, evolution of phytochemicals, 
release of fatty acids and secondary oxidation products were evaluated using high performance 
liquid chromatography (HPLC), gas chromatography fitted with mass spectrometry (GC-MS) 
and two-dimensional gas chromatography (GC×GC) 
It was felt that the microconstituents of oat grain including phenolic acids, avenanthramides 
and unsaturated fatty acids might contribute considerably to nutritional benefits but at the same 
time could undergo chemical changes due to the processing conditions of UHT and subsequent 
storage prior to consumption. Such an event would produce malodorous compounds leading to 
deterioration of the consistency in the final product. An assessment, therefore, was carried out in 
relation to processing and storage that was rather prolonged over three months at ambient 
temperature and 30 °C. Oat powders were defatted and then split into the insoluble dietary fibre 
(IDF) and soluble dietary fibre (SDF) part in order to obtain phenolics that were bound via an 
ester bond (Bunzel et al., 2001; Durkee & Thiverge, 1977) and analyse with HPLC. Trial and 
error led to a robust protocol that was able to reproduce a sequence of phenolic acids, with 
ferulic acid (FC) being dominant followed by para-coumaric (PC). Results were to a good extent 
confirmed with the Folin-Cioalteu‘s (FC) method for the total phenolic content, and then our 
attention was turned to avenanthramides, which are unique to oat (Collins & Mullin, 1988). A 
second HPLC protocol was developed to eventually be able to detect accurately the three major 
compounds, i.e. A, B and C alongside the minor varieties. 
Besides the potentiality of off-flavours from phenolics (Peleg et al., 1992), which are 
unacceptable to dairy and soy protein milk-like beverages, lipids that can be found at a particular 
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high level in oat grain can be the cause of what is known as ―rancidity‖ also causing undesirable 
mouthfeel in formulations (Zhou et al., 1999). Free fatty acids (FFA) are the cause of such 
behaviour and were detected here using GC by converting them to a methyl ester form (FAME), 
hence stabilising them (Head et al., 2011; Heiniö et al., 2002). The developed protocol was able 
to detect FFA, with oleic acid, linoleic acid and palmitic acid, in this sequence, being the major 
constituents and comprising almost the entirety of the species (Lampi et al., 2015). In addition, 
the presence of secondary lipid oxidation products in the form of malodours volatiles was 
evaluated. That was implemented by head-space solid phase micro-extraction (SPME) followed 
by (GC-MS) to unveil the presence of various carbonyl/non-carbonyl compounds including 
primarily hexanal and 2-pentyl furan.  
This baseline of behaviour was followed by a study of microconstituent evolution as a 
function of time and temperature. That was implemented first in aqueous suspensions of oat fibre 
following UHT processing, with chromatographs demonstrating a reduction in the amount of 
ferulic acid with storage. Results indicated that ferulic acid might be degraded in liquid systems 
enriched with oats over commercially relevant conditions of production and handling. Similarly, 
there was a modest but reproducible reduction in the levels of oleic and linoleic acids – while 
that of palmitic acid remained unchanged – arguing for unsaturated lipid oxidation. That precise 
event was also monitored experimentally and its intensity was increased during storage from 22 
to 30 °C. The above observations possibly account for the industry, to date, being unable to 
incorporate sufficient amounts of insoluble dietary fibre in liquid food formulations with 
reported problems including the development of off flavours, upon thermal treatment and 
subsequent storage.  
To further examine this, we prepared model beverages containing oat powder, skim milk 
protein and sucrose, and off-odour evaluation was implemented following UHT processing 
during storage. We hypothesized that phenolic acids are affected by industrial processing leading 
to an overall reduction in product quality and that was further affected by the appearance of 
rancidity during ambient storage associated with the formation of secondary oxidation products 
from lipids. Our hypothesis was tested by rigorous training of a 14-member sensory panel to 
recognise the intensity of two different odours, namely paravinyl guaiacol (PVG) from the 
decarboxylation of ferulic acid (Coghe et al., 2004) and hexanal following oat lipid oxidation 
(Heiniö et al., 2002). Using a logarithmically structured line scale, the trained panellists were 
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able to differentiate between the phenolic flavour due to PVG and rancidity notes due to hexanal. 
The intensity of both odours was followed during product storage arguing that both, but 
primarily hexanal was responsible for off-flavour in this type of formulations. To further assist 
with the development of product concepts, a hedonic test was employed to subtract background 
sample ―noise‖ due to grainy flavour, define the threshold of the two odour detection, and offer 
suggestions as to the required levels of the two odours that are met with panellist acceptance in 
liquid foods. 
  Following the aforementioned advance in developing robust analytical protocols to monitor 
the evolution of microconstituents in aqueous oat suspensions with certain co-solutes (model 
beverages), and the design of sensory tests that identify and follow important odour 
characteristics in these systems, we went a step further to research the consistency of real oat-
enriched beverages. In doing so, we prepared homogenised solutions of multicomponent oat 
beverages and documented that overall acceptability is heavily governed by the size distribution 
of suspended oat particles, an outcome which included colour aspects in formulations. Increasing 
concentration of fibre within a range of industrial application affects considerably the 
viscoelastic characteristics of solutions, but storage conditions also play an important role. 
Whereas in commercially available beverages, typically with low levels of insoluble grain fibre, 
consistency is affected immediately from the denaturation of added protein following UHT 
processing, insoluble-grain rich counterparts of this study showed the progressive influence of 
storage conditions, which might have implications for commercialisation. Thus, ambient 
conditions enhance solution viscosity due to the swelling of fibre particles, but further increase in 
storage temperature causes starch dissolution and disintegration of the fibre particle with a 
concomitant drop in viscosity readings of the liquid matrices. 
Finally, the work was extended beyond liquid-like formulations to model solid-like systems 
in order to identify the utility of oat particles in filler composite gels. In doing so, gelatin was 
chosen as a well characterised material for the continuous matrix suspending the discontinuous 
inclusions of oat grain particles. The fundamental study was implemented by utilising a particle 
size distribution that ranged almost an order of magnitude within the normal confines of use in 
the food industry. The phase separated nature of gelatin continuous phase and oat filler phase 
was documented with microscopy images, and this is affected both by the particle size 
distribution and levels of added oat grain in the mixture. Earlier research reported in the 
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literature that addition of microcrystalline cellulose or glass beads as a model suspended phase 
yielded an immediate increase in the values of the composite network with gelatin as the 
continuous phase (Koh & Kasapis, 2011).  
For the first time, this study demonstrates that introduction of a multicomponent filler phase 
in the form of insoluble particles from wholegrain oat results in a considerable drop in the values 
of storage modulus in preparations. It appears that the smaller the particle size distribution the 
more efficient oat becomes in interfering with the gelatin network. This result is associated with 
a parallel reduction in enthalpy estimates for the formation of gelatin helices, hence arguing that 
the oat particle is capable of disturbing the connectivity of the continuous matrix in this protein. 
This rather unexpected result provides a better understanding of phase behaviour in composite 
gels by incorporating industry relevant ingredients of cereal grains, and allows considerations of 
further application with milk protein or vegetable protein as the continuous binding matrix in 
product applications.        
7.3 Future research   
Developing a range of analytical and physicochemical approaches in order to examine the 
textural and organoleptic properties in oat enriched food-product concepts, paves the way for a 
further investigation of the detailed molecular interactions amongst the ingredients utilised in 
these formulations. Once more, these must be elucidated in relation to thermal processing with 
emphasis on ultra-high temperature effects and prolonged storage settings that relate to industrial 
exploitation. It is imperative to know the nature of molecular interactions between milk, soy or 
other proteins added to food formulations and various phytochemicals with emphasis on the 
phenolic compounds that are liberated from plant or cereal cell walls during thermal processing 
and further develop during warehouse storage. The nature of that interaction ranging from non-
covalent to covalent will affect the techno-functionality of processed materials and the bio-
functionality in further attempts to add value to product design in relation to nutraceutical 
considerations.      
Besides wholegrain oat, liquid-like formulations incorporate considerable amounts of milk 
or soy protein and vegetable oil in order to provide the required viscosity, creaminess in 
mouthfeel and effective stabilisation of the oil-in-water emulsion that constitutes the 
physicochemical environment of these preparations. To date, the molecular associations between 
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these added ingredients, notably protein and oil, are not well understood as a function of 
processing protocol and subsequent handling of materials. Free fatty acids and secondary lipid 
oxidation products may directly complex with protein, which is a chemically active ingredient, to 
affect the composition and stability of these microconstituents in relation to product quality 
characteristics (McElhaney, 1986; Ozdal et al., 2013).   
It is possible that once the origin and potential development of bitter-taste and rancidity in 
oat-grain enriched beverages is entirely understood, an assault could be mounted to prevent it or 
at least curtail it within consumer expectations for the lifetime of a given food product. This 
might be achieved by stopping the initiation step of lipid peroxidation with the introduction of a 
food-grade antioxidant in the form of vitamin E to the oat powders obtained shortly after milling. 
The dietary supplement exists in eight distinct forms (vitamers) with differing stabilities that will 
determine antioxidant effects in milled powders (Gangopadhyay et al., 2015), and a molecular 
study of this nature is needed for future operations in oat but also other grains, e.g. wheat flakes. 
Further, enzymatic hydrolysis of acylglycerol lipids should be minimised by developing a strictly 
controlled and rapid heat transfer during milling, or by implementing a novel ultra cryo-milling 
technique using dry ice beads and liquid nitrogen. 
Finally, the current study lays the groundwork for explorations of novel hydrocolloid 
technology that incorporates insoluble grain fibre for the design of non-alcoholic beverages. 
Further advances should be sought by examining the effect of a relatively broad particle-size 
distribution of insoluble wholegrain in relation to the sensory property of commercial products 
and, in the case of beverages, the development of grainy or gritty texture. Approaches to mask 
such undesirable mouthfeel can be implemented by manipulating the thickness of beverages in 
the presence of viscous - but shear thinning to reduce gumminess in the mouth - hydrocolloids in 
order to mask unwanted effects from coarse fibre particles. However, if the viscosity increase is 
an issue for the perception of the final product, an alternative would be to use tailor-made whey 
protein concentrates that are stable at UHT temperature at near neutral pH, hence being used to 
encapsulate insoluble fibre.  
Encapsulation, therefore, as a technology that provides barriers between sensitive materials 
and the environment can be considered to mask unpleasant sensory attributes during eating or 
drinking (Shahidi & Han, 1993). Whey protein, for example, may act as coating matrix that 
entraps insoluble fibres to mask their coarse nature on the palate. Spray drying is a commonly 
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used encapsulation technique and the process generally involves dispersing or dissolving the 
core material (insoluble fibre) in the aqueous solution of the coating or carrier matrix (e.g. whey 
protein) followed by atomization and spraying of the mixture into a hot chamber (Duongthingoc 
et al., 2013). Instantaneous water removal in spray-drying can produce a fine (10–50 µm) or 
large size (2–3 mm) powder depending on the starting feed material and operating conditions. 
The resulting whey protein/fibre powder from spray drying should be further used as a functional 
ingredient in UHT beverage formulations with enhanced storage stability and sensory attributes. 
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Appendices 
Appendix A. Participant information sheet and consent form for an intensity study. 
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Appendix B. Participant information sheet and consent form for an acceptability 
study. 
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Appendix C. General information. 
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Appendix D. Training sensory panel form for an intensity study. 
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Appendix E. Sensory panel form for an intensity study. 
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Appendix F. Sensory panel form for an acceptability study. 
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